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en OF ANIMAL TISSUE CELLS prepared 
for rapid cell proliferation in vitro may be arbi- 
trarily classified into three general groups. In 
the first, which I shall designate static matrix 
cultures, the explant is more or less completely 
embedded in a stationary matrix, such as the 
dilute plasma clot. In the static surface substrate 
cultures the cells are grown on the surface of a 
glass, or o-her surface substrate; in the rapidly 
agitated fluid suspension culture, the cells are 
kept freely suspended either as individual cells 
or as very small cell clumps in a rapidly agitated 
nutrient fluid suspension. 

Each of these three general categories of cul- 
tures has both advantages and limitations. To- 
day, however, I would like to talk in particular 
about certain developments and potentialities in 
the applications of the glass surface substrate 
culture and in the rapidly agitated fluid suspen- 
sion culture. 

In our studies with the plasma matrix cultures 
which we were routinely using up to about 1946 
the difficulties encountered were numerous (1-3). 
The plasma clot frequently clouded up so the 
cells could not be seen, or else it liquefied and 
destroyed the culture. The cells could never be 
separated routinely and accurately from the clot 
for chemical study, or for weighing. Although 
the plasma clot seemed essential for satisfactory 


1 Philadelphia, Pa., April 16, 1958. 


growth, the reason was not understood. The 
culture medium was of unknown and variable 
composition. It was impossible to obtain sub- 
stantial numbers of truly replicate cultures for 
accurate quantitative work. The rates of cell 
proliferation and compensating necrosis could 
not be accurately evaluated. The quantity of 
cells in any culture was minute; a cell sheet of 5 
to 10 mg wet weight was considered relatively 
tremendous. 

In these ensuing years numerous additions to 
our knowledge have greatly facilitated precise 
quantitative work with tissue cultures. With 
many cells the necessity for the plasma clot 
substrate has been completely eliminated (4-6). 
By better control of the composition of the cul- 
ture media and by critical control of the cell 
population density it is now routinely practical 
to grow numerous varieties of cells as pure 
strains from single isolated tissue cells (7-13). 
Cultures of such pure strains can be progressively 
increased in any size in static surface substrate 
cultures until their cells cover large areas of the 
glass surface substrate of the culture flask. For 
instance, in a single T-60 culture a sheet of 30 
to 60 million cells, weighing up to 100 mg wet 
weight and covering 60 square centimeters can 
routinely be grown in a week or less from any of 
a number of cell strains such as mouse fibro- 
blasts, human skin epithelium or liver epithelium 
of the mouse, each established as a clone from a 
single isolated cell (9, 11, 14). In our laboratory, 
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for individual chemical studies, multiple gram 
lots of cells of such strains are frequently used. 

Instead of transplanting new cultures of es- 
tablished cell strains by cutting out and trans- 
ferring a fragment of the cell mass to the new 
culture flask, it is now routinely practical to pre- 
pare a cell suspension from a surface substrate 
cell sheet or a fluid suspension, and from it plant 
large numbers of daughter cultures all containing 
cells of comparable cell type and all having a 
high degree of numerical replicacy (15). The 
rates of cell proliferation or cell necrosis in such 
cultures can now be assessed over extended 
periods of time with high accuracy (16). 

With increased ease and accuracy of routine 
preparation of replicate cultures and estimation 
of changes in cell population of such cultures it 
has been increasingly possible to obtain better 
and more definitive chemical control of culture 
media necessary for the cells and to study in 
more detail their nutrition and metabolism under 
controlled conditions. In studies of the nutrient 
medium both the embryo extract and the serum 
have been fractionated (17-20); in subsequent 
work the embryo extract was entirely eliminated 
from the culture medium without impairment of 
the rapidity of proliferation of the cells of every 
established cell strain so far tested in our labora- 
tory. 

With one extensive group of cell strains, all 
originally from NCTC clone 929 mouse fibro- 
blasts, all chemically undefined components of 
the medium, including serum protein, have been 
entirely eliminated for the continued healthy 
and rapid proliferation of the cells in surface sub- 
strate static cultures (21-23). Due to pressure of 
other work all but one of these cell strains were 
finally closed out after a reasonable test period. 
This one remaining strain, designated strain 
NCTC 2071, has now been continued in this 
chemically defined protein-free medium, desig- 
nated medium NCTC 109, without the addition 
of any antibiotic or any other additive whatso- 
ever for more than 34% years to date. The rate 
and manner of proliferation of cells of this strain 
in this chemically defined protein-free medium 
is so reliable as to allow routine subdivision of 
cultures each 3 to 7 days. A time lapse cinemato- 
graphic analysis of the behavior of one area in 
a normal cell population density culture of this 
strain in medium NCTC 109 was recently 
made (24). A total of 86 cells, each followed in 
detail for 57 hours, showed a total of 103 mitoses; 
for 32 cells which went through 2 or more con- 
secutive mitoses the average arithmetic inter- 
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mitotic interval was 37 hours. Of all the cells 
studied in this area not one showed recognizable 
disintegrative or degenerative changes. 

Cultures of this strain 2071, now maintained 
more than 3% years in this protein-free chemi- 
cally defined medium 109, give us an extremely 
sensitive system against which we can test the 
influence of toxic agents, or in which changes 
in nutrients as they are metabolized by the cells 
can be followed with precision. One instance of 
such a study may be cited. When the cells of this 
strain were carried for an extended period of 
time in medium 109 depleted of all except the 
13 so-called essential amino acids (25) the 
cultures survived but cell proliferation was rela- 
tively slow. When others were added up to a 
total of 25 there was a substantial and continued 
stimulation of cell proliferation (26). 

This chemically defined medium 109 is now 
in routine use in our laboratory. It is being pre- 
pared in lots of 30 to 40 liters, and lots of it 
have been used satisfactorily after as long as 9 
months of storage at 4°C. The cost of its com- 
ponents is about $7.00 per liter. If several of its 
more expensive components are omitted cell 
proliferation rate is slightly reduced but cost is 
reduced to approximately $1.00 per liter. 

The action of this formula 109 as a complete 
and satisfactory chemically defined nutrient 
causing rapid cell proliferation has seemed to be 
rather highly specific for this one strain of cells, 
since attempts to adapt other strains of cells to 
it have not been really satisfactory.2 However, if 
this sclution is supplemented with a very little 
serum or washed serum protein this specificity is 
lost; the mixture of 109 plus serum protein is no 
longer to be considered as chemically defined, but 
is capable of maintaining apparently indefinitely 
practically all of our established cell strains tested 
in as rapid cell proliferation as we were ever able 
to achieve with the best non-defined media we 
had previously used. In fact this chemically de- 
fined medium plus serum or washed serum pro- 
tein is at present the best and most generally re- 
liable culture medium now known to us for 
routine rapid proliferation of a great variety of 
cell strains (27). Test of serum protein fractions 
showed that the gross globulin was fully the 
equal of the whole protein in its stimulating 
effect on proliferation (28). 


2 As of September 1, 1958, it currently appears 
that clone NCTC 2544 of human skin epithelium 
from a 53-year-old man has also been successfully 
adapted to proliferation in this nutrient. 
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A second activity of some component asso- 
ciated with the serum protein should be pointed 
out. While this protein is not necessary for cell 
proliferation of strain 2071 in static surface cul- 
tures the serum or gross serum protein does 
exert in some way a tremendous protective 
action against disintegration of the cells by the 
rapid mechanical agitation. The nature of this 
protective action has just recently been under 
intensive study in our laboratory, but results to 
date are so incomplete they will be reported later. 

Numerous strains of animal or human tissue 
cells, either of normal or malignant origin, can 
now be grown in agitated fluid suspension cul- 
tures (29-34). In our own organization we have 
been able to grow in such agitated fluid suspen- 
sion cultures any type of cell which we have been 
able to grow rapidly in static surface substrate 
cultures. Even such cultures as an established 
clone strain of human adult skin epithelium, or 
an established strain of mouse liver epithelium, 
can be rapidly proliferated in such agitated fluid 
suspension cultures. With such strains of epi- 
thelium as the human skin or the HeLa strain 
of human cervical carcinoma, there may be cell 
cohesion such as to form small cell masses, sev- 
eral tenths of a millimeter in diameter, but these 
can be kept adequately agitated so that they 
remain in suspension and have adequate exchange 
of gases and metabolites with the surrounding 
fluid medium. 

Various types of mechanisms have already 
been developed and are in use by different work- 
ers for maintaining these agitated fluid suspen- 
sion cultures. In general, to date these either 
involve mechanisms for maintaining some type 
of continuous flow of medium (as in the ‘chemo- 
stat’ (35) or the continuous flow cytogenerator 
(36)), or else they operate on the ‘batch’ principle 
in which the cells are periodically centrifuged out 
and resuspended in fresh medium. The first of 
these general methods is of particular value in 
following detailed chemical dynamics of growth 
processes. The ‘batch’ principle has the advantage 
of simplicity of equipment and of allowing close 
comparison of data and principles involved with 
those previously established from the commer- 
cial batch type operations in the growth of 
fungi in the antibiotics industry. It also allows 
productions of relatively large amounts of cells 
and of cell byproducts for detailed chemical 
study. 

To date we have preferred to use the ‘batch’ 
type culture for most of our work. In much of 
this work we have used the Brunswick type 
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rotary mechanical shaker originally designed for 
pilot plant studies in the antibiotics industry 
(30-34). Others have used magnetic stirrers (37, 
38; Eichorn, P. A., personal communication). 
Already, however, even larger size fermentors 
designed for antibiotic pilot plant growth of 
fungi have been tried successfully by various 
workers (39); there is no doubt in my mind that 
as the need arises even much larger-size tank 
fermentors can be readily used in commercial 
scale growth of animal tissue cells. 

In general principles these fluid suspension cul- 
tures as we have routinely used them for several 
years are really quite simple to prepare and main- 
tain, and are extremely efficient where relatively 
large amounts of cells must be grown. Starting 
with a number of surface substrate cultures of an 
established cell strain, for instance, the cells are 
scraped or shaken loose from the glass, suspended 
in the nutrient fluid to be used, and the suspen- 
sion is pipetted into the special culture flask of 
selected size and shape; these culture flasks are 
clamped on the rotating plate of a Brunswick- 
type shaker, and are kept in a whirling rotation’ 
at about 2 to 3 revolutions per second. For much 
of our work we prefer a 1% liter flat bottom 
spherical flask with 2 throats (fig. 1), one of which 
serves as a gas inlet the other as an outlet. Both 
gas inlet and outlet are protected by filters, cot- 
ton or glass wool, to exclude bacteria. This type 
and size flask allows an ultimate volume of 400 
ml nutrient fluid without danger of wetting the 
cotton-plugged gas trap protecting the opening of 
each throat. This type flask allows good micro- 
scopic examination of general cell shape at up to 
about 450 magnification, on the inverted Zeiss- 
Winkel microscope fitted with achromatic ob- 
jectives carried in 1 cm extension sleeves. This 
flask also allows a large contact surface between 


3 In the older types of Brunswick shaker, each 
of the 4 corners of the plate carrying the culture 
flasks is supported by a heavy coil spring. In our 
experience, in order to obtain a true rotary motion 
of the fluid within the culture flask, before placing 
the shaker into use, these springs must be removed 
and accurately stretched or compressed until all 
are the same length. Further, the load of culture 
flasks must be fairly symmetrically arranged on 
the shaker plate. Unless these precautions are 
taken the motion of the fluid within the culture 
flasks tends to be cycloid or irregularly turbulent 
and results from such cultures are less reliable. 

4 The high quality correction of fluorite or apo- 
chromatic objectives is usually achieved by so 
greatly reducing their free-working distance as to 
handicap their use with flask cultures. 
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Fig. 1. Fifteen hundred milliliter culture flask 
in position for examination on inverted micro- 
scope. Total volume of culture in flask is 400 ml. 
Gas traps on inlet and outlet of flask have been 
removed and throats stoppered in this illustration. 
Microscope frame has been placed on wooden 
block to raise oculars to eye level. 


the cell suspension and the supernatant gas 
layer so facilitating gaseous interchange. 

Periodically, usually at from 1- to 4-day inter- 
vals the culture is opened, and either additional 
nutrient is added or the cells are centrifuged out 
at about 900 rpm (250 g), the supernatant 
drained off, the cells resuspended in fresh nu- 
trient and replaced in the culture flask. 

The cells of any type or strain make complex 
changes in the composition of the medium. This 
usually involves changes in pH, changes in 
osmotic tension, exhaustion of certain metabo- 
lites utilized by the cells and accumulation of 
others elaborated by the cells to excess. In our 
experiments to date efforts to build up and main- 
tain over an extended interval dense cellular 
population by periodic replacement of a very 
limited fraction of the nutrient fluid alone have 
not been satisfactory. In all of these studies 
lack of complete knowledge of changes occurring 
in the medium have ultimately resulted in its 
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composition becoming unbalanced with resultant 
deterioration of the rate of cell proliferation. 
Where such limited partial replacement or re- 
freshment nutrient is desired for an extended 
period of time some continuous flow type of 
equipment which allows more rapid continuous 
replacement of the nutrient is probably either 
necessary or desirable. 

When only a limited number of cells is being 
maintained in a large fluid suspension flask, the 
flask may be flushed out with saturated 5% CO. 
in air, and the flask throats then sealed; when a 
population of several grams of cells wet weight is 
used, continuous or more frequent periodic flush- 
ing of the gas volume in the flask must be made 
in order to keep the cells adequately supplied 
with oxygen and to remove excessive carbon 
dioxide. With extremely large installations use of 
an antifoam agent would probably allow actually 
bubbling the gas up through to the cell suspen- 
sion, but unless such antifoam agent is used the 
proteinaceous culture medium produces a pro- 
hibitive amount of foam. 

One point justifies special emphasis. Particu- 
larly with the rapidly agitated fluid suspension 
culture in which the free-floating cells are indi- 
vidually washed by the circulating fluid mixture, 
a critical and relatively high cell population 
density is usually necessary to start a satis- 
factory culture. Even with such a relatively high 
cell population density there is almost uniformly 
an interval of lag phase of cell proliferation, after 
which an essentially logarithmic phase of growth 
sets in and continues until either some essential 
nutrient in the medium is exhausted or else un- 
removed toxic muterials reduce the rate of cell 
proliferation. Once a period of declining cell 
population has set in, however, it is often very 
difficult or time-consuming te rescue the culture 
and reestablish it in a rapid log phase of growth. 

Curves on 2 typical groups of cultures are given 
in figures 2 and 3. While large fields of informa- 
tion remain to be developed with respect to large- 
scale fluid suspension cultures, results already 
achieved indicate that such cultures can be ex- 
trapolated to almost any size which may be de- 
sired or which may be necessary in future experi- 
mental or commercial applications. 

To this point my discussion has been centered 
around cell proliferation. However, special atten- 
tion is called to the difficulties often encountered 
as a result of the divergent alterations and varia- 
tions of cell types in the long-term tissue culture. 
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Under the wide range of experimental conditions 
obtainable in such cultures, cells may assume 
quite unexpected and widely divergent be- 
haviors. For instance changes in population 
density of a clone strain of cells all isolated from 
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1 single cell may force radical changes in mor- 
phology among the cells of the culture (compare 
figures 4-6). We usually think of the epithelial 
cell in the short-term culture as migrating out 
from the explant in a closely coherent epithelial 
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Fig. 2. Characteristic data curves on an agitated fluid suspension culture of NCTC clone 1469 mouse 
liver epithelium. The vertical short lines at the top represent fluid replacements. Culture was continu- 
ously gassed with 280 to 560 ml CO, in air per hour. The cell population is determined as number of 
nuclei. At 26 days the culture was subdivided, half of its cells being used in other work. Note in par- 
ticular high nuclear population, high population per milliliter of culture fluid, and extremely rapid 
glucose consumption after each nutrient fluid change. Behavior of this culture was typical of one main- 
tained to reach its maximum population. 
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sheet. But over a longer period this sheet-like then suddenly within the period of a week estab- 
form may be lost; we have repeatedly seen these _ lish itself as one of the most rapidly proliferating 
sheets break up into individual more migratory cell strains we have ever seen. Dr. Sanford (40) 
cells, often amoeboid in contour; in fluid suspen- in our section has described one clone cell line 
sion cultures the cells are usually spherical. which has given rise to 2 cell strains, the cells of 
Cell changes which occur in tissue culture, which proliferate at the same rate in tissue cul- 
however, cannot be dismissed as mere changes in ture. And yet cells of the two strains are quite 
morphology. We have seen liver epithelium of the dissimilar in morphology, in ability to give rise to 
mouse barely maintain its growth for half a’ year malignancy on reinjection into the original host 
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Fig. 3. Characteristic curves summarizing data from 2 Brunswick shaker cultures of same cell strain, 
as shown in fig. 2. Instead of the two cultures being allowed to reach maximal size, as with culture shown 
in fig. 2, cultures were allowed to reach a reasonable size of about 700 million nuclei each at 18 days and 4 
from that time on aliquots of the cell population were cropped off for other experimental work at 2- to Pe 
4-day intervals, that is at each nutrient fluid renewal. This method of cropping the culture insures a Al . 
large supply of cells from each culture at periodic intervals for an indefinitely long period. Initial slump ” 
in the curve at 4-11 days probably resulted from reducing cell population density too low by increasing 
total volume of fluid in the culture too rapidly. 








ume 17 


estab- 
rating 
d (40) 
ll line 
ells of 
e cul- 
quite 
rise to 
1 host 


11 


strain, 


ys and | 


ures a 
slump 
easing 


December 1958 LARGE CULTURES OF ANIMAL TISSUE CELLS 








a 


{5% 


, 
r 


oa 
\% 


O 

J os LOY SAE | a 
‘i ft 1 Ay ar %. ‘ Pp i q 
© arn by Pere Go. Os are are! &. 4 ’ > A | ting 


Fias. 4-6. Changes in the morphology of cells of strain NCTC (clone) 2071 mouse fibroblasts on glass 
surface substrate cultures as influenced by population density. All cultures are growing in protein-free 
chemically defined medium NCTC 109 to which they have been adapted for in excess of one year. The 
three cultures show influence of low, medium and high population densities respectively. In agitated 
fluid suspension cultures these cells would be isolated and essentially spherical in shape. X 160. 
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and in many phases of their metabolism. One 
strain for instance showed 20 times the arginase 
activity of another strain from the same clone; 
still another showed an increase of more than 400 
times in its arginase activity from the same clone. 

‘With the progress of our work we become in- 
creasingly impressed with such evidence of di- 
vergent variations and alterations in cells, par- 
ticularly in the activity of their enzyme systems. 
Just as we have had to develop a chemically de- 
fined medium to give rapid cell proliferation in one 
prototype cell strain, so in the future there must 
be developed other media and controlled experi- 
mental conditions which can stabilize the pro- 
liferated cells of the large culture at a highly effi- 
cient level for any selected specific functional 
activity. Our development of control of the 
nutrition and metabolism of cells in culture can 
only assume its greatest significance when both 
the proliferative and the specific functional activi- 
ties of the cells can be controlled and defined. 
This is one of the great challenges of the future 
in the understanding and practical use of the 
long-term massive tissue culture. It is one which 
I feel can hardly be overemphasized with respect 
to our actual understanding and control of under- 
lying principles and development of significant 
use of the massive tissue culture as an experi- 
mental instrument. 
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CINEMATOGRAPHIC ANALYSIS OF CELL DYNAMICS" 
C. M. PoMERAT 


From the Tissue Culture Laboratory, Department of Anatomy, The University of Texas Medical 
Branch, Galveston, Texas 


1. STATING THE GOALS Of his recent book entitled 
Biochemical Cytology, Brachet (1) refers to the 
fact that “...structure and metabolism are so 
closely linked together that they cannot be sepa- 
rated.”? Recent knowledge acquired with the 
techniques of cytochemistry, quantitative histo- 
chemistry and the analysis of isolated cell 
constituents invites reassessment of speculation 
regarding dynamic morphology. To this end the 
vast body of data which is being accumulated 
with electron microscopy concerning fine struc- 
ture and descriptions of cellular activity with 
time-lapse, phase contrast cinematography offers 
fresh challenges. An important inroad in this 
direction was made in 1954 by Gey, Shapras and 
Borysko. 

The bulk of the recent evidence regarding cell 
architecture, as revealed by electron micrographs 
of ultrathin sections, indicates that the cytoplasm 
is permeated, to a greater or lesser degree, by a 
system of channels whose walls are made up of a 
double membrane, the so-called endoplasmic 
reticulum. In addition, evidence is steadily 
accumulating which suggests that the plasma 
membrane may contain openings, whether tem- 
porary or permanent is not now evident, which 
lead deeply into the cytoplasm forming channels 
which are indistinguishable morphologically from 
the typical endoplasmic structures. Sishilarly, 
the nuclear wall often is also described as being 
porous with openings in its outer membrane 
forming a channel which is quite similar to the 
reticulum. It would seem, therefore, highly likely 
that both the cytoplasm and the nucleoplasm 
have more or less direct access to the cell exterior 
by a system of complex canaliculae. Recent evi- 
dence supporting this view has been presented 
by Epstein (2) in a study of the fine structural 
organization of Rous tumor cells. 

In this context time-lapse, phase cineinato- 
graphic records of cellular movements are of 





1The work reported in this study was based 
largely upon data accumulated with the aid of a 
grant from the American Cancer Society. 


extreme interest because rhythmical or sporadic 
contractions, either of the cytoplasm or the nu- 
cleus, would provide a pumping mechanism for 
drawing into the cell or forcing out of it materials, 
without a rupture of either the cell or the nuclear 
walls. 

Such a concept invites speculation regarding 
intracellular ‘circulatory’ paths which may be 
involved in metabolic activities. Mechanisms for 
propulsion of materials in the interior of the 
double-lined spaces may be of several types. 
Analyses of time-lapse, phase cinematographic 
records suggest that these may include: /) activi- 
ties of the plasma membrane, 2) the ingression 
of engulfed nutrient in vacuoles by the process 
of pinocytosis, 3) streaming and rhythmic con- 
tractile movements of the hyaloplasm, 4) nuclear 
rotation and 4) activities of the nuclear mem- 
brane. The materials and methods employed in 
the accumulation of data for presentation at this 
symposium have been described in several publi- 
cations by members of our group (3-9). 

1. Activities of the Plasma Membrane. Cine 
records of living cells invariably show continuous 
changes in outline, particularly at the free mar- 
gins of outwandering colonies. While a systematic 
classification has not been reported, several types 
of membranous movements have been noted. 
These are described as ‘ruffles’, rhythmic undula- 
tions producing successive waves of outflow and 
withdrawal of ectoplasm, or the repetitive out- 
pushings across the margin of the free edge of the 
cytoplasm and of filose pseudopodia which are 
commonly seen to arise from the axoplasm of 
regenerating neurons (see figs. 1-12). All such 
products of sol-gel changes might effect shifts in 
the position of nutrients and waste products at 
the critical peripheral situation of the ecto- 
plasmic-endoplasmic boundary. 

In the correlation of data obtained with cine- 
phase and electron microscopy, Gey and his 
associates (10) described the rapid growth of 
microfibrils of the superficial plasma gel layer in 
a crystalline fashion and their recession into the 
“«.. . less polymerized or solated base from which 
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they originally appeared.” These workers have 
also advanced the important suggestion that a 
consequence of plasma membrane mobility may 
result in the formation of mitochondria. Bernhard 
and Rouiller (11) believe that these, in turn, may 
form the ergastoplasm. 

The extraordinary mobility of epithelial plasma 
membranes as seen with the aid of time-lapse 
cinematography gains special importance in rela- 
tion to numerous publications concerning the 
complex interdigitation of cell boundaries, espe- 
cially of elements noted for their water transport 
such as those of the kidney, submaxillary gland, 
choroid plexus and the ciliary body (cf. 12). It is 
very likely that in the organism such boundaries 
are not fixed but are subject to movement. 

2. Pinocytosis. Attention was first drawn to 
this phenomenon by Lewis (13-15). Subsequent 
important references include the report by Gey 
et al. (10) who demonstrated that inwardly mov- 
ing vacuoles could rupture actively writhing 
filamentous mitochondria. The central migration 
of ingested fluid droplets appears to be inde- 
pendent of what is often referred to as proto- 
plasmic streaming. Algire (16) has established 
the reality of pinocytosis in vivo for cells in fluid 
medium using film records of activities observed 
in transparent chambers in the skin of mice. The 
central movement of vacuoles originating in the 
growth cones of explanted neurons from the 
dorsal root ganglia of chick embryos has been 
analyzed from cine records in an important paper 
by Nakai (7). 

In a critical review, Brachet (1) has warned 
that “‘... those textbooks that state in a dog- 
matic way that proteins are unable to cross the 
cell membrane barrier have not only been wrong, 
but harmful, because they have hampered scien- 
tific progress.” The demonstration that ribonu- 
clease (M. W. = 13,000) readily penetrates 
amphibian eggs and onion root tips (17-19), as 
well as ascites tumor cells (20) and that this is 
also true for protamines and histones having a 
molecular weight of between 2,000 and 10,000 
(21) are presented as evidence for a more flexible 
outlook. With regard to the mechanism of pro- 
tein entry, attention is called to Chapman- 
Andresen and Holter’s report (22) that amoebae 
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which do not readily absorb glucose will take up 
considerable quantities if it is dissolved in a 10% 
protein solution which appears to be avidly 
ingested by the process of pinocytosis. It would 
seem inescapable, on the basis of evidence from 
cine records, that viruses would be introduced 
into cells during the uptake of fluid nutrient. 
Chapman-Andresen and Prescott (23) have 
demonstrated that the amoeba is capable of 
taking up the tobacco mosaic virus by pino- 
cytosis. 

The movement of vacuoles in the process of 
pinocytosis in the direction of the perinuclear 
area of itself constitutes a factor of compression 
along its path. Parallels might be drawn between 
the movement of a bolus of food on the wall of 
the gut or the mechanism of fluid displacement in 
extracellular compartments due to the pressure 
exerted by pulsating arteries and muscular con- 
traction, with the disturbance of molecules in the 
cytoplasm as a result of the centripetal flow of 
nutrients in the course of pinocytosis. 

Using phase contrast microscopy, changes in 
the optical properties of ingested droplets in 
relation to time and their capacity to migrate to 
the juxtanuclear area have been well documented 
(10). 

Noteworthy are the reports by Rose (24-27) 
that minute granules moving centrifugally be- 
come associated with pinocytotic vacuoles as 
they form at the periphery of the cell. Such 
granules, Rose’s microkinetospheres, measuring 
0.3-0.6 u in diameter, may belong to the so-called 
light mitochondrial fraction and may be in the 
category of those described by Novikoff (28) and 
Novikoff et al. (29) as ‘dense bodies’ in liver cells, 
as the structures in deDuve’s (30) and Appelmans 
et al. (31) ‘lysosome fraction,’ the ‘microbodies’ 
of Rouiller and Bernard (32), and the ‘peribiliary 
bodies’ of Palade and Siekevitz (33), Watson 
and Siekevitz (34) and Palade (35). 

After the granules have become intimately 
associated with the vacuoles, Rose has demon- 
strated both with phase contrast and interfer- 
ence time-lapse cine microscopy that microkineto- 
spheres coalesce, then spread out as ‘satellites’ 
measuring from 1 to 8 uw on the surface of the 
‘vacuole. Following such contact, the size of the 





Fias. 1-12. Film frames selected at 1-min. intervals showing changes in the pattern of the neuroplasm 
at the tip of a regenerating nerve. The record was made from a 3-day culture of neurons dissociated with 
the aid of a proteinase solution from the dorsal root ganglia of a 10-day chick embryo. Note the presence 
of delicate membranes (M). Printed from a bright phase positive. The magnification is given by the 
scale in the upper left area of fig. 1. (Record made available through the kindness of Dr. J. Nakai.) 
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vacuoles becomes progressively reduced and their 
optical density increases (see figs. 13-20). On the 
basis of evidence provided by ceil fractions, the 
microkinetospheres may represent aggregations 
of enzymes which are responsible for attacking 
some of the materials ingested in the process of 
pinocytosis. Warren Lewis had calculated that a 
cell might ingest one-third its volume of nutrient 
in one hour. The disposal of the material may be 
explained on the basis that vacuolar size which, 
after increasing in the course of pinocytosis due 
to coalescence, is progressively reduced in its 
migration in the direction of the nucleus, in 
part, due to the action of enzymes provided by 
the microkinetospheres. It is believed that this 
process is accompanied by a rapid loss of water 
by diffusion through the plasma membrane. 

As originally pointed out by Paterson (36) and 
further studied by Puck and his associates (37), 
irradiation of tissue cultures at certain dosage 
levels produces giant cells. In a cine phase study 
dealing with the relative biological effect of 
gamma versus neutrons (38), gamma irradiation 
from 1800 r to 3600 r from a Cobalt® source 
resulted in the production of giant cells not only 
exhibiting marked activity of the surface mem- 
brane but rapid expulsion of large vacuoles 
reminiscent of what in protozoa are described as 
contractile vacuoles. It is believed that such 
irradiated cells are in a state of high metabolic 
activity and that the expulsion of the products of 
pinocytotic activity is exaggerated. However, 
the rapid collapse of large perinuclear vacuoles 
has also been observed in isolated unirradiated 
cells found in cultures of the anterior pituitary 
of the rat. 

In summary, the elimination of the major part 
of the fluid ingested in the course of pinocytosis 
may be accomplished by water loss through the 
permeable membrane following the action of en- 
zymes from the microkinetospheres or by gross 
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expulsion from cells with an unduly high meta- 
bolic turnover. Such activity exerts important 
shifts in the pattern of the peripheral cytoplasm. 

3. Streaming and Rhythmic Movements of 
the Hyaloplasm. Cells which undergo locomotion 
reveal the extent of cytoplasmic movement by 
the displacement of their lipo-protein granules. 
The mobility of elements such as microglia and 
macrophages perforce would provide an effective 
means of moving materials in the canalicular 
system of their cytoplasm. In more stationary 
cell types, particularly mesothelial elements 
in vitro for some days, tonofibrillar systems 
appear to provide a temporary skelogenous 
framework against which active membrane 
movements operate. This has been observed 
frequently in cine phase records of cells from 
peritoneal exudates. The pattern of ‘crystalline’ 
structures is seen to drift with resulting deforma- 
tion of the cytoplasm. After 1000 r to 4000 r of 
gamma irradiation, cells of the HeLa, amnion and 
human skin (NCTC-2414) strains show bands 
of thickened cytoplasm which shift in the cell, 
often in association with powerful rhythmic 
movements (39). Film sequences of non-irradiated 
epithelial cells occasionally shew similar but less 
pronounced pulsatile movements. While the in- 
herent contractility of cytoplasm has been espe- 
cially developed in cells provided with myofibrils, 
this property is a fundamental feature of the 
architecture of protoplasm which operates as one 
of the mechanisms which may influence intra- 
cytoplasmic propulsion. A special case is found 
in the neuroglia. Oligodendroglia have been shown 
to exhibit slow rhythmic pulsatile movements 
(40, 41), while twitching movements have been 
recorded for astrocytes (42). Responses of astro- 
cytes to electrical stimuli have recently been 
described (438, 44). 

The mechanism of hyaloplasmic streaming 
which is responsible for the complexities of endo- 








Fiés. 13-20. Selected film frames from a cinematographic record of activity at the marginal area of a 
HeLa cell (human cervical carcinoma) in a medium containing 50% human serum. The ce!l was actively 
engaged in the process of pinocytosis (cell drinking) during which vacuoles migrated in the direction of 
the juxtanuclear zone. Microkinetospheres (m) were seen to aggregate and form satellites (s) in close 
association with the vacuoles (v). The vacuole in fig. 13 increased in size (fig. 14) after coalescing with 
other fluid droplets. As a result of changes in optical properties, it became obscure (fig. 15). At this time 
a microkinetosphere became associated with the vacuole (fig. 15). With the aggregation of severa! micro- 
kinetospheres, a ‘satellite’ became evident (fig. 18). Having become optically dense, the vacuole de- 
creased in size as it penetrated further into the juxtanuclear zone (figs. 19, 20). Positive print from a dark 
phase print. The time between successive film frames is given on upper right area of each figure. The 
magnification is represented by the scale in the upper left area of fig. 13. (Plate prepared from a film 
record kindly supplied by Dr. George G. Rose.) 
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plasmic traffic as seen in cine phase records 
remains obscure, but this and the more obvious 
contractile activities of the cytoplasm are ur- 
gently important to the thesis of propulsive 
devices in the cell. 

4. Nuclear Rotation. Rotation of nuclei in 
epithelial cells from the adult human nasal mu- 
cosa was found to show both clockwise and 
counterclockwise movements. The fastest rate 
for this activity was one complete revolution in 
70 seconds. A total of 16 rotations was recorded 
in a period of 75 minutes (3). Leone, Hsu and 
Pomerat (45) have described the phenomenon 
for cells of the HeLa strain. Hintzsche (46) re- 
ported rapid and numerous nuclear rotations ‘in 
cultures of epithelium from the mouse papilla 
and their inhibition following irradiation. Nakai 
(7) found nuclear rotation in approximately 
one-third of a series of dissociated neurons from 
the dorsal root of chick embryos during the 
process of axonic regeneration. 

The widespread occurrence of nuclear rotation 
in cells cultivated in vitro raises important ques- 
tions regarding propulsive devices and the sig- 
nificance of this phenomenon. 

While recent observations tend to confirm 
earlier reports of the presence of pores in the 
nuclear membrane (47-49), this interpretation is 
challenged by Kautz and De Marsh (50) and by 
Gay (51). Anderson and Beams (52) reported the 
presence of optically dense material giving a 
Feulgen positive reaction extending through a 
pore in the nuclear membrane in ultrathin sec- 
tions of Rhodnius nurse cells. Using serial sections 
examined with the electron microscope, Gay 
(53) found characteristic nuclear membrane out- 
pocketings with adjacent highly differentiated 
chromosomal materials in the salivary-gland 
cells of third instar larvae of Drosophila melan- 
ogaster. She believes that such blebs become 
detached from the nuclear membrane to form 
the sac-like structures of the endoplasmic reticu- 
lum and possibly contribute to the formation of 
cytoplasmic material. This view is consistent with 
that of Rebhun (54) regarding the formation of 
ergastoplasm by some delamination process. This 
problem is of great moment with regard to the 
passage into the cytoplasm of substances syn- 
thesized by the genes. 
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Phase cine photomicrographs reveal a wide 
variety of mobilities in the nuclear membrane. 
However, adequate numbers of record have not 
yet been accumulated to provide the necessary 
data for a systematic analysis of what probably 
represents several mechanisms related to the 
species of cells under study and to the metabolic 
state at the time when the observations were 
made. In a brilliant analysis of mitochondrial 
activity in living cells, Frederic (55, 56) has 
described the aggregation of mitochondria at the 
nuclear membrane which may reflect underlying 
enzymatic processes. 

These and the observations described in the 
next section may be useful in studying the trans- 
fer of materials through the nuclear membrane, 
particularly during certain phases of protein 
synthesis. They also provide an important chal- 
lenge regarding the interpretation of motive 
forces which operate in the perinuclear area. 

5. Activities of the Nuclear Membrane. Irregu- 
larities in the outline of the nuclear membrane 
are regularly seen in cells showing amoeboid 
movement. However, even in relatively station- 
ary elements notches and extensive folds in the 
nuclear wall. are frequently recorded. Nuclei 
which reverse their polarity, such as the one 
shown in a record of the activities of spindle cells 
in a tissue culture of rat kidney (see figs. 21-30), 
produce marked wrinkling. 

Electron photomicrographs of ultrathin sec- 
tions of a tissue culture of kitten cerebellum are 
presented (figs. 31, 32) to illustrate the outline 
of the nuclear membrane of glial and neuronal 
cells which are being studied with cine phase in 
relation to the re-establishment of the architec- 
ture of Nissl substance, neurofibrils and myelin 
in explanted nervous tissue. 

Our attention has been attracted to the marked 
plasticity of the nuclear wall in a study of irradia- 
tion injury to cells in strain cultures. For example, 
following gamma irradiation of HeLa and amnion 
cultures with from 1000 r to 4000 r from a Co- 
balt® source, most of the resulting giant cells 
exhibited indentations in their nuclear mem- 
brane. Time-lapse cine records revealed multiple 
rapid twitching movements in the nucleus pro- 
ducing deep clefts. A review of other film records 
uncovered similar phenomena in unirradiated 





Figs. 21-30. Film frames selected at 8-min. intervals to show the reversal of nuclear polarity in a 
spindle cell (arrow) with marked wrinkling (w) of the nuclear membrane. The record was made from 
a 5-day culture of a rat kidney. Printed from a dark phase positive. The magnification is given by the 


scale in the upper left area of fig. 21. 
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cells. This was true for the rare giant elements 
which form a small percentage of the population 
of most cell strains but particularly in those of 
the HeLa line. It is believed that the metabolic 
stimulus following irradiation exaggerates nuclear 
activity which makes more evident the property 
of the membrane to produce twitching move- 
ments. The nuclear wall may contain proteins 
capable of contraction which may provide an 
efficient pump system for cells in which nucleo- 
cytoplasmic exchanges are proceeding at a rapid 
rate. 

It must always be remembered that there are 
differences from one cell type to another and, 
therefore, generalizations are dangerous. Thus, 
the intake of amino acids by bacteria (57) and by 
ascites tumor cells (58, 59) has been shown to 
depend on special mechanisms; various fractions 
of mitochondria differ from each other (60); the 
enzyme content of nuclei differ as much among 
themselves as do the tissues to which they belong 
(61); chromosomal ‘activity’ appears to vary in 
different cells and in the same cell in relation to 
its metabolic activity (62). Indeed, the assump- 
tion that all cells of a given organism have 
genetic identity is open to question (63, 64). 

It is to be expected that information obtained 
with the use of electron microscopy and cine 
phase technique must be interpreted in terms of 
the metabolic state of the particular cell under 
study. The concept that cytoplasm and nuclear 
sap are accessible via a complex filigree of pas- 
sageways serves as a basis for assigning a special 
role to various mobility manifestations of the 
living cell, such as the movement of the surface 
membrane, the migration of fluid nutrient in the 
course of pinocytosis, streaming and rhythmic 
contractions of the hyaloplasm, nuclear rotation 
and deformations of the nuclear membrane. 
While only incomplete fragments, the observa- 
tions presented in this report are suggestive of 
some of the mechanisms which may be involved 
in considering the dynamics of intracellular trans- 
port devices. Much remains to be done in docu- 
menting and correlating data from the several 
fields of experimental cytology with rapidly 
expanding technical advances. 
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Figs. 31 and 32. Electron photomicrographs of ultrathin sections of a 28-day culture of the cere- 
bellum from a 3-day-old kitten. Fixed in equal parts of 2% osmic acid and nutrient fluid. The magnifica- 
tion is represented by the scales in the upper left area of each figure. Fic. 31: Glial cells, presumably 
astrocytes, showing deeply indented nuclear membranes. Fic. 32: A neuron showing 2 deep folds in the 
membrane on opposite sides of the nucleus. (Figures kindly supplied by Dr. Donald Duncan from un- 
published data.) 
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AMINO ACID METABOLISM IN HUMAN CELL CULTURES 


Harry EAGur 


From the Laboratory of Infectious Diseases, National Institute of Allergy and Infectious Diseases, 
National Institutes of Health, Bethesda, Maryland 


DISPARITY BETWEEN 8 AMINO ACIDS REQUIRED 
FOR NITROGEN BALANCE IN MAN, AND MINIMUM 
OF 12 AMINO ACIDS REQUIRED FOR SUSTAINED 
GROWTH OF ALL CELL CULTURES SO FAR EX- 
AMINED 


Ovo AND ABOVE the 8 amino acids required 
for nitrogen balance in man, human cell cultures 
have been shown to require arginine, glutamine, 
histidine and tyrosine for survival and growth. 
It is pertinent in this connection that freshly 
isolated monkey kidney cells, tested in their first 
culture passage, required the same amino acids 
for growth as serially propagated lines. Their ad- 
ditional requirement for glycine has been shown 
to be due to a partial block in formation of gly- 
cine from serine; and this glycine requirement 
was eliminated by the addition of folinie acid in 
place of folic acid. 

Cyst(e)ine has proved to be nutritionally non- 
essential even in culture. Although it could not be 
synthesized from methionine, a variety of human 
cell cultures could effect its synthesis from a 
number of reduced inorganic S-compounds. Sul- 
fate was ineffective; L-cystathionine, pb- or 
L-homocyst(e)ine, and p-cyst(e)ine could also 
serve as precursors of L-cyst(e)ine. 

Two examples have been observed of limited 
amino acid biosynthesis, which might suffice for 
maintenance in a short-term feeding experiment, 
but which does not suffice for rapid cell growth in 
culture: a) the formation of glutamine from 
physiologic concentrations of glutamic acid, and 
b) the formation of tyrosine from phenylalanine 
by a v-riant strain of HeLa cells. Both of these 
syntheses were product-inhibited. 

Of the 7 nutritionally non-essential amino 
acids (alanine, serine, glycine, glutamic acid, 
aspartic acid, asparagine and proline) the first 3 
are synthesized by the cells primarily from glu- 
cose, and the last 4 primarily from glutamine. 


METABOLIC UTILIZATION OF ESSENTIAL 
AMINO ACIDS 


Of the essential amino acids so far examined, 
five (phenylalanine, tyrosine, glycine, valine, 


and threonine) have proved to be metabolized 
by the cell to only a minor degree. Their primary 
metabolic role appears to be their utilization for 
imcorporation as such into protein. Glutamine, 
however, is actively metabolized. In a minimal 
medium containing only demonstrably essential 
growth factors, it is used for the biosynthesis of 
the nutritionally non-essential amino acids, and 
in particular of glutamic acid, aspartic acid, pro- 
line and asparagine. In addition, it is heavily 
used in the biosynthesis of the nucleic acids. 
Approximately 40% of the pyrimidine carbon 
derives from glutamine, presumably by way of 
aspartic acid; and, in addition, more than half of 
the purine and pyrimidine nitrogen derives 
specifically from glutamine amide nitrogen (34 for 
guanine, 2 for adenine, 24 for cytosine and 4% 
for uracil). Free ammonia is metabolically almost 
inactive in these cultures, except for a limited 
biosynthesis of glutamine. It is not used to a 
significant degree in the biosynthesis, either of 
the other non-essential amino acids or of nucleic 
acid. 


AMINO ACID POOL AND PROTEIN TURNOVER 


In cells grown in the medium described above, 
there is a significant free amino acid pool, the 
major components of which are glutathione, tau- 
rine, glutamine, glutamic acid and free ammo- 
nia. The latter two derive largely from the action 
of cell glutaminase. At a medium concentration 
of 0.1 mm, the cells proved capable of concen- 
trating the nutritionally essential amino acids 
approximately 4- to 10-fold. The nonessential 
amino acids, synthesized de novo by the cell 
from glucose and glutamine, were in general 
retained by the cell much more effectively, the 
cell: medium ratio varying from approximately 
10:1 in the case of serine to more than 160:1 in 
the case of proline and glycine. 

The relative stability of the essential amino 
acids contrasts with the instability of the cell 
proteins. In an amino acid-deficient medium in 
which there was no net synthesis of protein, 
labeled amino acids from the medium were in- 
corporated into cell protein at the rate of 1% per 
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hour. This incorporation did not Gepend on the 
presence of glucose, and in some experiments 
continued for 72 hours, by which time more than 
50% of the cell residues had been exchanged. A 
similar incorporation, at essentially the same 
rate, was observed in cultures growing in a com- 
plete medium. This was largely an intracellular 
process, and was only in small part due to either 
cell turnover or protein secretion, followed by 
resynthesis. The data do not permit a conclusion 
as to whether this process of protein renewal 
involves the total degradation of the protein to 
its component amino acids, followed by resyn- 
thesis, or is instead an exchange of amino acid 
residues between the cell pool and an otherwise 
intact protein molecule. 


ROLE OF AMINO ACID POOL IN SYNTHESIS OF 
POLIOVIRUS BY THE HELA CELL 


Large populations of HeLa cells in monolayer 
culture had been found to form maximal amounts 
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of virus in a medium consisting only of salts, 
glucose and glutamine. That study, however, 
left open the question as to whether the viral 
protein was being formed from the amino acid 
pool of the cell, by the breakdown of cellular 
protein, or whether these two mechanisms were 
equivalent in the sense that protein breakdown 
released sufficient amino acids into the cellular 
pool to permit viral synthesis. Recent experiments 
suggest that the first of these possibilities may be 
the case. In cells depleted of key amino acids 
either a) by preliminary vitamin B, depletion 
(which results in a decreased biosynthesis particu- 
larly of glycine, alanine, proline and serine) or b) 
by reducing the concentration of cells relative to 
medium, the amount of poliovirus formed by the 
HeLa cell was greatly reduced. The competence 
of the cell to make virus was in each instance 
restored to normal levels by the addition of a 
full complement of amino acids to the medium, 
and thus to the cellular pool. 


VIRUSES AND SINGLE CELL CLONES IN PLANT TISSUE CULTURE! 


A. C. HitpEBRANDT AND A. J. RIKER 


From the Department of Plant Pathology, University of Wisconsin, Madison, Wisconsin 


: DEVELOPMENTS of the tissue culture 
methods have provided means for a number of 
studies; for example, virus diseases and patho- 
logical growth. 

As is well known, animal tissue cultures were 
successful many years ago. Men working with 
normal and diseased plant tissue cultures have 
learned much from their associates working on 
the animal side. While higher plants and animals 
are obviously different, still the basic activity of 
their cells is similar in many fundamental re- 
spects. This similarity was nicely expressed years 
ago by a biochemist. The plant cell may be con- 
sidered as one machine and the animal cell as 
another machine. Let us think, for example, of 
the amino acids, organic acids, sugars and vita- 
mins as wheels in these machines. Then we see 
that many wheels are identical and interchange- 


1 This work was supported in part by the Rocke- 
feller Foundation, the American Cancer Society 
and by the Research Committee of the Graduate 
School from funds supplied by the Wisconsin 
Alumni Research Foundation. 


able between the two machines. Many basic 
similarities are obvious. 

Plant tissues have been grown in vitro for un- 
limited periods on chemically defined nutrients. 
The media contained essentially nitrate for 
nitrogen, sucrose for carbon and balanced com- 
mon mineral salts. Plant tissue cultures have 
been used to examine effects of nutritional and 
other environmental variations on host growth 
and virus mul.iplication. These cultures had the 
advantage of unlimited active growth on the 
surface of agar or in liquid shake cultures for a 
month or more without any change of nutrient. 
Also, culture growth was not complicated by the 
variable conditions found in sand and soil pot 
cultures of whole plants. 


VIRUS MULTIPLICATION AND INHIBITION 
IN TISSUE CULTURE 


The possibility of the multiplication of tobacco 
and aucuba mosaic viruses in tissue cultures of 
excised tomato roots was first shown by White 
(1). Segretain (2, 3) inoculated tobacco stem 
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Fig. 1. A: Nicotiana tabacum tissue of crown gall origin, free of the inciting bacterium but infected 
with TMV (Morel, 4). Six-week-old cultures as they grew on agar medium in 125 ml Erlenmeyer flask. 
B: Four seed pieces each of 20 mg mass cut from tissues as in A and transferred to fresh medium. No 


macroscopic symptoms of TMV infection appear. 


tissue in vitro with TMV (tobacco mosaic virus) 
and Morel (4) showed that the virus infected 
tissue could be maintained in vitro indefinitely 
by regular subculture. A virus tumor tissue was 
described by Black (5) that has been studied also 
by Nickell (6). Further details about the main- 
tenance and the multiplication of TMV in tissue 
culture were described by Augier de Mont- 
gremier and Morel (7) and Augier de Mont- 
gremier, Limasset and Morel (8). 

Some background studies of nutritional influ- 
ences on TMV multiplication in whole plants 
were of interest. Plants grown either in soil or 
sand culture were used to evaluate the effects of 
increasing levels of nitrogen, phosphorus and 
potassium on host growth and susceptibility, and 
on virus infectivity or concentration (9-12). 
Some contradictory findings resulted. 

Studies with tissue culture also have attempted 
to clarify the conditions stimulating or inhibiting 
virus multiplication. For example, naphthalene- 
acetic acid inhibited TMV multiplication in to- 
bacco pith tissue, but folic acid had no effect on 
virus at the highest concentration the tissue 
would withstand (13). With vitamins, enzyme 
inhibitors, growth substances, antibiotics and 
nucleic acids, only indolebutyric acid reduced the 
virus concentration (14). Segretain (15) noted 
that tissue incubated on coconut milk supple- 
ments had no more virus than control cultures. 
Hirth and Segretain (16) used a variety of amino 
acids and other nitrogen compounds common to 
coconut milk and TMV and found that aspartic 
acid inhibited and glutamic acid favored virus 
multiplication. Kassanis (17) similarly tested a 
number of nitrogen compounds but found the 


TMV concentration was not affected by increas- 
ing the nitrogen concentration in the medium. 
Some early studies from this laboratory (18) 
indicated the critical nature of temperature and 
pH of the medium for host tissue culture growth 
and TMV multiplication. Similarly, different 
levels of nitrate, phosphate and potassium in the 
medium stimulated or inhibited TMV and host 
tissue growth depending on the concentration. 

Influence of Nitrogen Compounds on Virus 
Multiplication and Host Growth. Since these 
early studies indicated TMV activity increased 
with increased nitrate levels, the effects on TMV 
and host growth of some other common nitrogen 
compounds were therefore of interest. Media 
were prepared to include increasing levels of 
NaNO. NH.Cl, NH4NO;, (NH,4)SO., ammo- 
nium lactate, ammonium tartrate and am- 
monium succinate. 

Tobacco tissue infected with TMV was used 
in these studies (fig. 1). It was originally isolated 
and supplied by Morel (4) and has been sub- 
cultured since then at regular intervals and 
incubated on synthetic media with little or no 
change in virus concentration per unit wet 
weight. The cultures were incubated on the basal 
tobacco medium (19) to which the 7 nitrogen 
compounds, respectively, were added in increas- 
ing concentrations as indicated in figures 3-9. 
The culture vessels (6 oz. prescription bottles) 
each contained 4 tissue pieces and were incubated 
in the dark at 26°+ 1°C and about 55% relative 
humidity. Growth was measured as the average 
wet weight after 6 weeks incubation. 

The seed tissue pieces weighed 20 mg (fig. 1). 
To reduce further the possibility of difference in 
tissue or virus content per seed piece, each stock 
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Fig. 2. Lower surface of a leaf of hybrid to- 
bacco (Nicotiana tabacum x N. glutinosa) used for 
the local lesion TMV assay 4 days following inocu- 
lation with virus. The right-hand side was inocu- 
lated with an homogenate of known dilution of the 
virus infected tissue culture that had incubated 
on a test medium. The left-hand side of the leaf 
was inoculated with a standardized TMV prepara- 
tion containing a known amount of virus. The 
number of necrotic leaf spots or local lesions was 
proportional to the concentration of virus in the 
2 samples. 


piece of tissue was cut and the seed pieces so 
distributed that an equal number of seed pieces 
from each stock piece was placed in each test 
medium. The culture bottles were also labeled so 
that weekly virus assays were made of tissue 
samples that originally came from the same stock 
tissue piece. 

Each experimental series contained 6 bottles 
(24 tissue pieces) with each concentration and 
was replicated 3 times. Each such experiment 
was repeated at least 3 times so each nitrogen 
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concentration was tested with 216 or more tissue 
pieces. Thus, the data in figures 3-9 inclusive 
came from over 18,000 separate tissues. 

The virus infectivity in the tissue cultures was 
assayed at weekly intervals during a 6-week in- 
cubation period. Approximately 150 mg samples 
of tissue were homogenized with a mortar and 
pestle. The liquid was diluted 1:1000 to 1:4000 
and inoculated for local lesions on assay tobacco 
plants. These were the cross Nicotiana tabacum 
x N. glutinosa, which developed necrotic brown 
spots on the inoculated leaves in direct propor- 
tion to the activity of the virus (fig. 2). The 
plants were grown under uniform conditions. 
The homogenate was applied to the leaf with a 
standard gauze pad following uniform dusting 
of the leaf with 500 mesh carborundum. 

The half-leaf method was used (fig. 2) with 
treatments arranged on a randomized block plan 
so each tissue homogenate was applied only once 
at each leaf position and once on each plant. The 
right half of each leaf was inoculated with a 
tissue culture homogenate. The left half leaf in 
each case was inoculated with a standard 1:10,000 
TMV preparation from field-grown tobacco 
plants. Leaves were rinsed with distilled water 
after inoculation. 

The results with different levels of each nitro- 
gen compound, respectively, on virus activity 
and host tissue growth are summarized in figures 
3-9. NaNO», NH,Cl, (NHs)2SO., ammonium 
tartrate and ammonium lactate inhibited host 
tissue growth more or less at all concentrations. 
Host growth on media with NH,NO; at 0.1 and 
0.4 gm/l., or ammonium succinate at 0.4 and 
1.0 gm/l. compared favorably with that on the 
controls, but higher concentrations, respec- 
tively, inhibited growth. The virus infectivity 
of the tissue cultures varied with the nitrogen 
compound and the concentration. The virus 
activity in tissues at all levels of ammonium 
lactate was comparable with that in control 
cultures. The virus activity was more or less 
greater than controls with low levels and less 
with high levels of NaNO» and (NH4)2SOu, re- 
spectively. The virus activity was somewhat 
less compared to controls with low levels of 
NH.Cl, NH,sNO;, ammonium tartrate and 
ammonium succinate, respectively. The virus 
activity was greater than controls in tissue 
pieces on media with high concentrations of 
NH,Cl, NHsNO; and ammonium § succinate 
respectively. The virus activity was much greater 
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compared to controls, with increased levels of 
ammonium tartrate. 

Nucleic Acids, Purines and Pyrimidines. In 
extensions of these studies, plant tissue cultures 
have been used also to examine the effects of 
nucleic acids, purines, pyrimidines and some 
analogs on growth of normal and virus infected 
tissues. Normal tobacco tissues and marigold 
crown gall tissues were strongly stimulated by 
both filtered and autoclaved ribonucleic acid 
(RNA) at 0.4-4 gm/l., while deoxyribonucleic 
acid (DNA) had no effect at low levels and was 
strongly inhibiting at 4 gm/l. (20). RNA was 
an excellent source of nitrogen for the tobacco 
tissues but not for marigold tissue. DNA was 
not a good nitrogen source. Neither RNA nor 
DNA was a carbon source for the normal to- 
bacco tissue. Thiouracil inhibited the culture 
growth at concentrations of 10 mg/l. or stronger. 
Tissue growth was not appreciably influenced by 
lower levels, but was inhibited by 0.4 gm/L., 
respectively, of adenine, cytosine, xanthine, thy- 
mine and uracil. Hypoxanthine, guanine and 
ribose, respectively, favored progressively more 
growth with increasing concentrations. The 
amounts of RNA that inhibited or stimulated 
growth of the tobacco and marigold cultures 
were comparable, respectively, to the amounts 
inside stimulated dark green or inhibited light 
green leaves showing the typical symptoms of 
TMV infection. 

The TMV infected tissue has been similarly 
studied to evaluate the stimulation or inhibition 
of virus multiplication and infectivity by nucleic 
acids and some purines, pyrimidines and analogs. 
Concentration effects on growth and virus activ- 
ity appear in table 1. Host tissue growth meas- 
ured as the average wet weight after 6 weeks 
incubation was more or less stimulated depending 
on the concentration by each, respectively, of 
the compounds except thymine and thiouracil. 





Fig. 3. Four graphs to show controls and aver- 
age concentrations of TMV from local lesion 
assays made from tissue cultures incubated on 
basic media with nitrate in the control and differ- 
ent concentrations of sodium nitrite as indicated. 
Top: Number of local lesions with the standard 
virus control. Second: Number of local lesions 
from the tissue culture. Third: Wet weight of the 
tissue culture. Fourth: Final acidity of the me- 
dium. 

Figs. 4, 5. Same as 3 except different levels, re- 
spectively, of NHCl and (NH,)2SO,. 
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Figs. 6, 7, 8, 9. Same as fig. 3 except different levels, respectively, of NHsNO;, ammonium tartrate, 


ammonium lactate and ammonium succinate. 


Each compound except thymine and thiouracil 
either had no effect or favored TMV increase, 
sometimes even when the tissue growth was 
somewhat inhibited. Uracil and diazouracil were 
especially active in stimulation of TMV multi- 
plication. 

The stimulation of host tissue growth and of 
TMV by common nitrogen compounds was inter- 
esting. Since stimulation appeared in chemically 
defined media, the nature of the compounds that 
encouraged the development of the virus was 
clarified. Such compounds pointed the way to 
closely related analogs, which might perhaps 
inhibit virus. 


Virus multiplication was inhibited by thymine 
and thiouracil, respectively. The concentration 
of thiouracil that reduced the virus concentration 
about 50% (10 mg/l.), however, inhibited host 
tissue growth as well. The inhibition of virus 
multiplication of 17% by thymine at 500 mg/l. 
was interesting because the growth of the host 
tissue was only 30% reduced. Related studies 
with these compounds or others have been de- 
scribed by Hirth and Segretain (16) and Kas- 
sanis (17). 

Recently, 6-methylpurine was much more 
active than thymine in inhibiting TMV multipli- 
sation in tissue culture at low levels that were 
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TABLE 1. EFFECT OF CONCENTRATION OF NUCLEIC ACIDS, PURINES AND PYRIMIDINES ON VIRUS 
CONCENTRATION IN HOST TOBACCO TISSUE CULTURES GROWN ON SYNTHETIC MEDIA 





















































Concentration mg/l. Concentration mg/I. 
Compound Compound 
0 | 0.01 | 0.1 | 1.0 | 10 | 100 0 | 0.01] 0.1 | 1.0 | 10 | 100 
DNA W* = |220 | 245 | 250/255 |423 |216 || 2, Thio-6-methyl-| W 273 |296 |261 |292 |250 |204 
TMV{| 37 | 37 40] 39 | 38 | 40 uracil TMV | 36 | 41 | 41 | 43 | 42 | 44 
RNA W 299 | 333 | 379/295 |339 [227 || Propyl thiouracil | W 147 {160 |163 {157 |135 | 66 
TMV | 40| 42) 40) 43 | 40 | 42 TMV | 31 | 30 | 32 | 32 | 38 | 35 
Adenine W 958 {1030 |1056/943 |849 |872 || Diazouracil WwW 125 |119 |112 |112 |125 | 91 
TMV | 72; 72) 69) 72 | 58 | 74 TMV | 55 | 53 | 60 | 64 | 78 | 75 
Thyminet | W 930 | 823 | 824/752 |764 |636 || 2,4-Dithio-5- WwW 208 |198 |220 |209 |195 |163 
TMV |100 | 92) 89] 94 | 93 | 83 methylpyrimi- | TMV | 44 | 44 | 36 | 44 | 49 | 42 
dine 
Uracil WwW 517 | 528 | 489/501 |374 |252 || 4,5-Diamino-2- WwW 124 {120 131 {115 |131 | 81 
TMV | 66/| 75] 74! 75 | 82 | 84 chloro-6-meth- | TMV | 44 | 49 | 53 | 51 | 57 | 55 
ylpyrimidine 
Thiouracil| W 221 | 190 | 180)163 | 17 | 47 || 6-Methyl-4-oxy- | W 230 |230 |240 |228 |208 |180 
TMV | 46| 53] 48) 42 | 25 | 24 2-thiopyrimi- | TMV | 11 | 15} 10 | 13} 13 | 12 
dine 
6-methyl- | W 207 | 203 | 203/210 |215 |195 || 4-Amino-5-meth- | W 143 |139 |156 }155 |136 | 33 
uracil | TMV 19; 18] 22) 23 | 24 | 23 yl-2-thio- TMV | 45 | 42 | 48 | 47 | 47 | 55 
| pyrimidine 


















































* Average wet weight of tissue pieces in mg after 6 weeks incubation. 
+ Average number of local lesions from 90-450 half leaves from 3-15 replicated randomized experi- 


ments. 


t Concentration mg/l., respectively, were 0, 0.05, 0.5, 5.0, 50, and 500. 


stimulating or only slightly toxic to the host 
tissue (21). This is much the best chemical so 
far determined for inhibition (40% at 0.05 mg/l.) 
of the TMV, with little or no toxic effect on the 
host tissue. Greater virus inhibition appeared 
with somewhat less host tissue growth. Hypoxan- 
thine, 6-mercaptopurine, and 2-oxypurine, re- 
spectively, showed no antiviral activity or 
phytotoxicity. 


CLONES OF TISSUE GROWN FROM SINGLE 
CELL ISOLATES 


Chemicals that differentially inhibit diseased 
cells and that do not injure the healthy host cells 
are important. Virus inhibition with thymine 
and with 6-methylpurine with little or no injury 
to host cells were encouraging examples in this 
direction. 

However, a better understanding is needed of 
the similarities and differences in metabolic 
balances between diseased and normal cells. 


Especially desirable is a clarification of the hetero- 
geneous mixture within the plant tumor mass. 
Possibly, only a relatively few cells are necessary 
to perpetuate the growth and the remaining cells 
are ‘hangers on’ of one kind or another. Thus, 
the separation and study of the components of 
the mixture seem imperative. 

The isolation and culture of single cells offered 
a means to clarify these possibilities of cell 
differences. Success with growth of single animal 
cells from a number of tissue types has been 
possible (for example, see 22, 23). But most 
plant tumor cells grow abundantly on synthetic 
media. 

Earlier studies in 1954 by Muir, Hildebrandt 
and Riker (24) successfully established single 
cell clones of tissue, that grew from hand-picked 
cells from tissue cultures, from crown gall and 
from normal tissue. Torrey (25) has watched 
such isolated cells divide. Muir, Hildebrandt and 
Riker (26) have shown that clones derived from 
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Fig. 10. The filter-paper host tissue method of culturing single isolated cells and clones. A: Estab- 
lished culture of N. tabacum X N. glutinosa host tissue supporting a filter paper. B: Filter paper with 
small colony of cells resting on host tissue. Such a colony developed in several days to weeks from divi- 
sions of a hand-picked single cell of NV. tabacum X N. glutinosa. Clonal material this size usually failed 
to grow when transferred directly to the basal medium. Such clonal cultures were commonly transferred 
to several fresh host pieces before they reached the size shown in C. D: Established tissue that grew 
from a single cell as it grew independently on the basal medium following the sequence illustrated in 


B and C. 


single cells out of the same plant tumor mass 
varied in color, texture, consistency, rate of 
growth and nutrient requirements. Thus, the 
original tumor mass was quite a mixture. The 
possibilities were studied of single cell clonal 
differences in physiology, morphology, resistance 
to TMV infection and ability of TMV to multi- 
ply in established tobacco tissue cultures. 

The vriginal cultures were isolated from the 
hosts Nicotiana glutinosa, and N. tabacum X 
N. glutinosa that gave local lesions with TMV 
and from the host N. tabacum that gave systemic 
infection with TMV. The method of securing the 
cells was that described by Muir, Hildebrandt 
and Riker (24) (fig. 10). Suspensions of cells in 
liquid media or friable tissues from agar cultures 
from each species were spread over sterile agar 
in a Petri plate. With aseptic technique, single 
cells then were hand-picked under the binocular 
microscope with a microspatula and were trans- 
ferred to a small square of sterile filter paper 
resting on the agar. The filter paper had been 
prepared by placing it on an established tissue 
culture for 3-4 days so that it took up liquid 
with nutrients from the host piece (fig. 10A). 
The filter paper carrying the single cell was trans- 
ferred back to the original host tissue. After 
several days or weeks, depending on the single 
cell isolate, the cell divided to produce a small 
mass of actively growing cells (fig. 10B). As the 
host tissue matured, it was necessary to transfer 
the filter paper and single cell clone to a young 
actively growing culture (fig. 10C). The growth 
of the single cell and subsequent clone in the 


early stage was examined microscopically at 
regular intervals. When the clone reached suffi- 
cient size, it was transferred to the basic tissue 
culture medium where it continued growth inde- 
pendently (fig. 10D). re 
Preliminary studies were made with 22 single 
cell clones from the two local lesion host species 
and from Morel’s N. tabacum. The single cell 
clones were incubated on a mechanical shaker in 
liquid media inoculated with glass-filtered aseptic 
TMV to give a dilution of 1:1000. They were 


TABLE 2. TOBACCO MOSAIC VIRUS ACTIVITY IN 
CERTAIN REPRESENTATIVE SINGLE CFLL 
CLONES AND HOST TISSUE GROWTH 


Species and Clone No. 


Local lesions* from Ti ss 
di issue weigi.t) 


Tissue Medium 
No. No. Gm. 
N. tabacum 
M 222 0 6 10.39 
M 223 0 0 2.05 
M 471 359 184 3.74 
N. glutinosa 
G 252 83 4 0.54 
G 283 146 5 0.40 
N. tabacum X N. 
glutinosa 
H 194 158 7 8.56 
H 196 265 2 9.55 
H 237 77 6 4.10 
H 241 4 2 10.66 
H 248 5 5 13.66 
H 261 0 0 11.90 


*1:1 dilution of tissue homogenate with dis- 
tilled water assayed after the 4th monthly transfer 
in liquid ‘D’ medium. 

+ Average weight in grams of tissues in 4 bottles 
at the end of one month incubation. 
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incubated 4 weeks and then clonal tissue samples 
were transferred to fresh liquid media without 
added TMV. The total lesion counts and wet 
weights of respective clones were recorded after 
the fourth such monthly transfer. Some figures 
representative of the ranges in virus content and 
growth rates of host clones containing different 
amounts of virus are given in table 2. 

The results indicated different amounts of 
growth and different concentrations of TMV in 
the respective single cell clones of tobacco tissue. 
A considerable range of TMV concentration was 
assayed within the clones from each parent 
species and from the hybrid. These studies, as 
with single cell clones from tumor tissues, indi- 
cated that the component cells in the tissue mass 
differ considerably in various basic character- 
istics. Studies are in progress to clarify these 
differences. 


SUMMARY 


A clarification of certain metabolic details 
present both in diseased and normal plant tissue 
has been attempted. Plant tissue that can be 
isolated and grown on chemically defined media 
provides many experimental possibilities. 

Tobacco tissue infected with TMV (tobacco 
mosaic virus) grew for unlimited periods on a 
chemically defined medium. The virus activity 
per unit weight of tissue was measured as the 
number of local lesions produced on the assay 
host Nicotiana tabacum X N. glutinosa. The 
growth of the tissue was measured as the wet 
weight. Then the tissues were incubated on 
basal media containing increasing levels of, re- 
aM -otively, NaNO,, NH.Cl, (NH4)2SOu,, NH,NOs, 
ammonium tartrate, ammonium lactate and 
ammonium succinate. Host growth compared 
favorably with nitrate controls only with 
NH,NO; and ammonium succinate. The virus 
activity in the tissues varied with the nitrogen 
compound and the concentration. 

The TMV infected tissue was similarly studied 
to evaluate the stimulation or inhibition of virus 
multiplication and infectivity by nucleic acids, 
purine, pyrimidines and analogs. Host growth 
was stimulated more or less by each compound, 
respectively, except thymine and _thiouracil. 
Each compound except thymine and thiouracil 
either had no effect or increased TMV infectiv- 
ity. The virus multiplication was inhibited by 
thymine and thiouracil. 

The variability in the heterogeneous mass of 
cells in the tissue was studied by growing clones 
of tissue from isolated hand-picked single cells. 
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The respective clones derived from established 
tissue cultures from Nicotiana tabacum, N. gluti- 
nosa and the hybrid N. tabacum xX N. glutinosa 
showed considerable variation in growth rate, 
morphology, texture, color and nutrient require- 
ments. Also, the amount of TMV in respective 
clones varied greatly after 4 successive monthly 
transfers of inoculated clones in virus-free liquid 
media. 

Such single cell clones provide a valuable tool 
for detailed studies of similarities and differences 
between normal cells and various kinds of dis- 
eased cells as well as susceptibility to TMV. 


Acknowledgment is made to Mrs. Ann Alexeff, 
Mrs. Hilda Northcliffe, Mrs. Nancy Pelet and 
Miss Doloris Valdivia for assistance in various 
portions of these studies and to Mr. Eugene 
Herrling for help in preparing the illustrations. 
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INFECTION WITH THE ROUS SARCOMA VIRUS IN VITRO! 


Harry Rustin? anp Howarp M. Temin® 


From the Church Laboratory for Chemical Biology, California Institute of Technology, 
Pasadena, California 


1. WAS REPORTED in 1941 that when chicken 
fibroblasts growing in vitro were infected by the 
Rous sarcoma virus (RSV), they became altered 
in appearance, and resembled typical sarcoma 
cells (1). More recently Manaker and Groupé (2) 
observed that following infection of chick embryo 
cells in vitro, altered cells appeared in discrete 
foci, and that the number of these foci was pro- 
portional to the concentration of infecting virus. 
However, the method used was not suitable as an 
assay because reinfection by newly released virus 
or loosened cells was not prevented; nor was it 
possible to plate cells as ‘infective centers.’ Stimu- 
lated by these reports, efforts were made in our 
laboratory to develop a precise and reliable in 
vitro assay for RSV and cells infected by RSV. 
This work has led to the development of a tech- 
nique for assaying the number of infectious units 
of virus present in a cell-free suspension. A modi- 
fication of this technique was adapted for assay- 
ing the number of Rous sarcoma cells in a mixed 
cell population. In addition, the cloning tech- 
niques of Puck (3) have been modified to permit 
the successful growth of single chick fibroblasts 
and Rous sarcoma cells into colonies. 

These techniques have been used to make a 
detailed study of the interactions between RSV 
and its host cell following infection in tissue cul- 
ture. It has been possible to show that in its inter- 
action with its host cell RSV bears certain simi- 
larities to both temperate bacteriophage and the 
transforming principle of bacteria, which suggest 
that the genetic material of the virus is integrated 
into the genome of the cell, and is therefore trans- 
mitted to daughter cells as an inheritable property 
of the cell. The present report deals with these 
findings, as well as other findings which are 
unique to the complex of RSV in association 
with its host cell. 


1Supported by grants from the American 


Cancer Society and the Public Health Service. 
2 Present address:. Dept. of Virology, Univ. of 
California, Berkeley 
3Some of this work has been carried out by 
H. M. Temin in partial fulfillment of the require- 
ments for a degree of Doctor of Philosophy. 


THE ASSAY TECHNIQUE 


The assay developed for RSV is an outgrowth 
of Dulbecco’s plaque assay for certain necrotizing 
animal viruses on chick embryo cells in tissue 
culture (4, 5). Instead of using a confluent sheet 
of chick embryo fibroblasts growing on glass for 
plating the virus, however, it is necessary to start 
with a sparse population of cells (about 2 x 105 
per 60 mm petri plate) to permit the multiplica- 
tion of the altered cells. After allowing a period 
for the adsorption of the virus, a nutrient agar 
layer of intermediate hardness is used to overlay 
the cells, and the plates are incubated at 37°C. 
Within 2 days one can see groups of 4 to 6 cells 
which have become round and highly refractile. 
By 6 days these have grown into foci of about 100 
cells; the foci can be readily counted at a 25x 
magnification. 

Figures 1 to 6 illustrate the cell changes which 
are seen. The first two are photographs of a line 
of normal chick embryo fibroblasts derived from 
a single cell. This population is at an optimal 
density for assaying RSV. Figures 3 and 4 are 
views of such a culture 6 days later, showing a 
confluent sheet of normal cells with a single focus 
of Rous sarcoma cells. Figures 5 and 6 show such 
a focus on an uncloned primary culture of chick 
fibroblasts stained with neutral red. The experi- 
ments with cloned fibroblasts establish unequiv- 
ocally that the fibroblastic type of cell can be 
transformed into a monocyte-like cell by infec- 
tion with RSV. 

The cells in the foci are altered both in their 
individual morphology and their relation to one 
another. In addition to their round, refractile 
appearance, they frequently have eccentric 
nuclei and stain intensely with basophilic dyes. 
Although their chromosome number remains un- 
changed for several weeks (fig. 7), a large propor- 
tion of the population may become polyploid 
after prolonged culture. 

The transformed cells no longer grow in an 
interlacing network, nor do they stick tenaciously 
to the glass as do normal fibroblasts. Instead, they 
grow in grapelike clusters which are only loosely 








ati 
th 
cel 


ret 
lay 








ne 17 


owth 
izing 
issue 
sheet 
s for 
start 
105 
lica- 
riod 
agar 
rlay 
Yas Ox 
cells 
stile. 
; 100 
25 X 


hich 

line 
from 
imal 

are 
ng a 
ocus 
such 
hick 
peri- 
uiv- 
1 be 
ifec- 


heir 

one 
ctile 
trie 
yes. 


por- 
loid 


1 an 
usly 
they 
sely 








December 1958 


INFECTION WITH ROUS SARCOMA VIRUS 995 





Fies 1 Anp 2. 


attached to the glass. As a result of tension from 
the sheet of surrounding fibroblasts, the Rous 
cells are frequently pulled off the glass, leaving a 
hole in the cell sheet which is surrounded by a 
retracted group of sarcoma cells. (The agar over- 
lay prevents either cells or virus from being car- 
ried by convection to distant points where they 
might initiate new foci.) The sarcoma cells also 
may grow in masses several layers deep in con- 
trast to the fibroblast cells from which they are 
derived, which remain in a single layer when 
growing on glass. 

The number of Rous sarcoma cells present in a 
mixed cell population can be determined by plat- 
ing an aliquot of the cell suspension on a popula- 
tion of normal cells. However, it is necessary to 
leave the cells overnight in fluid medium to per- 
mit them to stick to the glass before adding the 
nutrient agar. 


QUANTITATION OF THE ASSAY 


Up to 300 foci may be counted on a plate. The 
number of foci is a linear function of the virus 
concentration throughout the countable range. 
This confirms previous reports that the infection 
by RSV can be initiated by a single particle 
(6-8). 

The technique for assaying infected cells also 
makes it possible to determine the number of cells 


which. have been infected when high concentra- 
tions ‘are used in the inoculum. The cells must 
merely be put in suspension, diluted and plated. 
It is found that a maximum of about 10% of the 
cells in a population of chick embryo cells can be 
infected at any given time. The percentage is not 
increased even when the number of infectious 
units (determined by assaying the virus suspen- 
sion directly at low concentrations) inoculated 
approaches the number of cells on the plate. The 
apparent resistance of the bulk of the cell popula- 
tion causes the plateau seen in figure 8 where the 
number of infected cells is plotted as a function 
of the virus concentration. However, if a culture 
which has been infected with a high concentration 
of virus is allowed to grow and release virus in a 
non-neutralizing medium many of the remaining 
normal cells will become infected over a period of 
about 2 weeks, suggesting that their apparent re- 
sistance to infection was only transient. 
Cultures derived from a single cell exhibit the 
same properties, showing that the plateau effect 
is not due to the presence, in the population, of 
classes of cells which differ genetically in the de- 
gree of their sensitivity to infection. This sug- 
gests that cells go through a transient period 
during which they are physiologically competent 
to support RSV infection. A similar period of 
transient competence has been found by Hotch- 
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kiss (9) for the transformation of streptomycin 
resistance in pneumococci. Experiments are in 
progress to determine whether non-infectious 
particles capable of causing interference play any 
role in causing the transient resistance of the 
cells. 


CELL GROWTH AND VIRUS RELEASE IN NEWLY 
INFECTED CULTURES 


Experiments were carried out to determine the 
rate of multiplication of newly infected Rous 
sarcoma cells, and the rate at which virus is re- 
leased by these cells; 20 to 40 cultures were in- 
fected with about 10° infectious units of a virus 
suspension. After adsorbing the virus for 30 
minutes the preparation was washed and the 
fluid replaced by 3.0 ml of nutrient medium. The 
nutrient medium contained no substances which 
could inactivate the virus. At appropriate inter- 
vals, the medium from 2 plates was removed 
for assay, and the cells were removed from the 
glass by treatment with trypsin. 

The cells were washed, counted and assayed to 
determine the number of Rous sarcoma cells pres- 
ent (i.e. the number of cells which would lead to 
the formation of a focus of Rous sarcoma cells). 
In some experiments, the cells were disrupted 
by freezing and thawing and assayed for intra- 
cellular virus. 


The results of such an experiment may be seen 
in figure 9. The first new virus appears in the 
extracellular fluid 10 to 14 hours after infection. 
It then increases rapidly in amount up to 24 
hours. After this time the slope of the curve for 
extracellular virus decreases and becomes approxi- 
mately the same as the slope of the curve for the 
number of infected cells at about 48 hours. At 
this time the average rate of virus release is 
about one infective unit per 10 infected cells per 
hour. During the early stages the amount of 
intracellular virus is often less than the extra- 
cellular virus, indicating that the virus particles 
are quickly released from the cells after matura- 
tion (18). 

These experiments indicate that the daughter 
cells arising from those infected with the original 
inoculum retain the characteristics of Rous cells 
as a result of some intracellular event at the time 
of division. Reinfection by newly released virus 
plays no significant role in the early increase in 
the number of Rous cells, since the total number 
of virus particles released during the first day is 
only a fraction of the number of infected cells. 
Furthermore, this virus is released into a large 
volume of medium, where the average particle 
has very little opportunity to encounter a suscep- 
tible cell before the virus is thermally inactivated. 
Reinfection can be ruled out even more con- 
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Figs 5 AnD 6. 


vincingly by studying the increase in the number 
of Rous cells with time where antiviral serum is 


_ present in the medium. The increase in the num- 


ber of infected cells occurs at the same rate as in 
the absence of antiserum even though 90% of the 
released virus is neutralized. Cell-to-cell spread 
of the virus through intracellular bridges is ruled 
out in the early stages because the sparse cell 
population does not form a continuous sheet. 


WHAT PROPORTION OF TRANSFORMED CELLS 
RELEASE RSV? 


It has previously been reported that a high 
proportion, if not all, of the cells in the Rous sar- 
coma release virus (6, 7). This conclusion was 
based on 2 different types of experiments. In the 
first type of experiment the ability of cells derived 
from a chicken sarcoma to divide was destroyed 
by ultraviolet light. The cells were then plated 
on the chorioallantoic membrane (C.A.M.) of 
the developing chick embryo, and the number of 
tumors which resulted was taken to be a measure 
of the number of cells which could release virus. 
It was found that up to one-half of the cells pro- 
duced a tumor after this treatment. 

The second type of experiment was based on a 
study of the release of virus by single sarcoma 
cells in vitro. The indications from this experiment 
were again that most, if not all, of the Rous 


sarcoma cells released virus. Since no morpho- 
logical evidence for extensive cell death was 
found in histological sections of the Rous tumor, 
it was further concluded that virus release and 
cell division in this system are not mutually 
exclusive. 

The question of what proportion of the cells 
produce virus was asked again in the present 
series of experiments. Cells which had been in- 
fected in vitro were used rather than cells obtained 
from a chicken tumor as was the case in the 
earlier experiments. The in vitro assay for in- 
fected cells was more reliable than the C.A.M. 
assays of the earlier experiments, since the pro- 
duction of multiple tumors due to infection at 
distant points by virus released from a single 
cell could be ruled out by using the agar overlay. 
Another advantage of the in vitro assay over the 
C.A.M. assay was that all Rous sarcoma cells 
from a fully viable culture should theoretically be 
able to form a focus whether they could release 
virus or not. This is due to the opportunity they 
all have to stick to the glass and multiply. In the 
case of the C.A.M. assay, the sarcoma cells were 
plated on ectodermal tissue, and there is no evi- 
dence that a high proportion of the plated cells 
could multiply there to form a sarcoma. 

In the present experiments the number of foci 
produced by plating an x-rayed culture of Rous 




















998 FEDERATION PROCEEDINGS Volume 17 
re) a 
8 
6 Normal chicken 
4 fibroblast 
4a - 
=i 
© of 1 ae See Bee Te PERE Se PSE A. ek Five vai A WUD Va Wee RBS: ees, | 
- 
Ss | 
tig © 
ta !4 Fic. 7. Chromosome counts 
®i2 in normal chick embryo cells 
= . . y . 
310+ and in cells infected with 
ab RSV. 
6E I month old 
4b Rous sarcoma cells 
et 
0 : [] l fu, ae Case ee OR ee | 
RANRARAKRARKRAN KR t tN i~ 
Seebeck eee wake : 
' 1 1 ' 1 ' 
RESSELESSG £ © 2 } 
CHROMOSOME NUMBER 


sarcoma cells on normal chick embryo cells was 
compared with that produced by plating a parallel 
culture without irradiation. Among the x-rayed 
cells, only those capable of producing virus could 
lead to formation of a focus, since the irradiated 
cells themselves could not divide. However, in 
the unirradiated culture, as noted above, every 
sarcoma cell had the opportunity to produce a 
focus, whether it could release virus or not, since 
all the cells were capable of dividing. Therefore, 
a comparison of the number of foci produced by 
irradiated and unirradiated cultures should give 
the proportion of Rous sarcoma cells which can 
produce virus. 

The comparison of the number of foci produced 
by irradiated and unirradiated cells was made 
with cultures which had been infected 2 days 
previously. Inspection of table 1 shows that all 
the sarcoma cells released virus. By cell disrup- 
tion experiments it could be shown that this re- 
sult was not due to mature virus which was 
already present in the cell at the time of irradia- 
tion, but represented virus newly made by the 
cells after irradiation. 

The demonstration that all Rous sarcoma cells 
produce virus takes on added significance in 
light of the evidence presented in the previous 
section, that the number of Rous sarcoma cells 
may quadruple in the first 2 days after infection 
without infecting a significant number of normal 
cells. These findings indicate that the ability to 
produce virus and the ability to express other 
malignant characters of the cell are transmitted 
to progeny cells as an intracellular event. 


VIRUS BY SINGLE, DIVIDING ROUS 
SARCOMA CELLS 


RELEASE OF 


All the evidence that Rous sarcoma cells can 
produce virus and divide has so far been indirect. 
To obtain a more direct proof for these dual ac- 
tivities, measurements of virus release by single 
sarcoma cells were made under conditions where 
the cell could be continuously observed. Indi- 
vidual cells were pipetted into microdrops of 
nutrient medium under a layer of paraffin oil 
(10). Since the cells stuck to the glass the entire 
drop could be removed for assay at intervals and 
replaced with fresh medium, while the cell itself 
was kept under continuous observation. 

Only a few of the cells were able to divide under 
these conditions. Among these, 5 cells were found 
which released one infectious unit of virus and 
later divided. This demonstration that the Rous 
sarcoma cell can survive the release of virus con- 
stitutes a clearcut difference from the condition 
of lysogeny where all bacteria producing mature 
virus are lysed. 


SENSITIVITY OF RSV AND NDV TO INACTIVATION 
BY X-RAYS AND ULTRAVIOLET LIGHT 


The following experiments on the sensitivity 
of RSV and NDV to various radiations were 
stimulated by some recent discoveries concern- 
ing the radiosensitivity of various classes of 
bacteriophages. It has been found that the sensi- 
tivity of both virulent and temperate phages to 
inactivation by x-rays is proportional to their 
DNA content (11, 12). When the inactivating 
radiation is ultraviolet light however, the tem- 
perate phages prove to be much more resistant 
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than virulent phages on a per nucleotide basis 
(12, 13). 

Since RSV has already been shown to resemble 
temperate phage in its failure to kill the host cell 
and in the intracellular transmission of the akility 
to produce virus from mother to daughter cell, it 
was of interest to determine whether the radio- 
resistance patterns were also similar. 

Newcastle disease virus (NDV) was chosen as 
an example of a virulent animal virus to provide 
a basis for comparison with RSV. The reasons 
for its choice were the facts that a) it kills cells 
rapidly, 6) it is easily assayed by the plaque 
technique and c) like RSV it grows on chick 
embryo cells. Furthermore, it is likely that both 
viruses contain RNA (14, 15). 

Both viruses were exposed to x-rays and ultra- 
violet light under identical conditions, and the 
number of survivors of each type of radiation 
assayed on chick embryo cells. The results are 
plotted in figures 10 and 11. RSV proved to be 
slightly more resistant than NDV to inactivation 
by x-rays. The difference was only by a factor of 
about 1.5 and its significance is doubtful. By way 
of contrast, however, RSV was about 10 times as 
resistant as NDV to ultraviolet light. In this 
respect therefore RSV exhibits a behavior similar 
to that of temperate phages. It could be shown 
that in a culture infected with v.v.’ed RSV, all 
the cells with the morphologic appearance of 
Rous sarcoma cells produced virus, which ruled 
out the possibility that a transduction-like mecha- 
nism was responsible for the uv resistance of 
RSV. 


CAPACITY OF CHICK FIBROBLASTS TO SUPPORT 
MULTIPLICATION OF RSV AND NDV 


Another relevant observation from the phage 
field concerns the capacity of bacteria to support 
temperate and virulent phages. The capacity of a 
bacterium to support the multiplication of 
phages can be destroyed by radiation. It has 
been found that the capacity of bacteria to sup- 
port the multiplication of temperate and semi- 
temperate phages is generally much more radio- 
sensitive than is their capacity to support the 
multiplication of virulent phages (12). 

It was therefore of interest to determine 
whether there is any difference in the capacity of 
chick embryo cells to support the multiplication 
of RSV and NDV. 

The experiment consists of irradiating chick 
embryo cultures with varying doses of x-rays 
and then infecting them with a standard dose of 
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Fig. 8. Number of chick embryo cells infected 
per plate as a function of the infecting virus con- 
centration. 


either RSV or NDV. The number of cells which 
retain the capacity to produce RSV or NDV after 
a given dose of x-rays is determined by plating 
the cells as infective centers. In the case of RSV 
it was necessary to carry out supporting experi- 
ments which proved that the newly infected cells 
which led to a focus when plated were indeed 
producing virus and not just dividing to form 
the focus. 

The fraction of the cell population which re- 
tains the ability to divide and form a colony 
after various x-ray doses to both normal chicken 
fibroblasts and established Rous sarcoma cells was 
determined by a modification of Puck’s cloning 
technique for single cells. 

Cells which had been infected with RSV for 
more than 24 hours (i.e. established Rous cells) 
were also exposed to x-rays, and their capacity 
to produce virus determined. 

The results from such an experiment are pre- 
sented in figure 12. It should be noted that the 
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Fic. 9. Growth of Rous sarcoma cells and of 
RSV in a newly infected population. 


x-ray dose scale on the abscissa used in evaluat- 
ing the NDV capacity of normal chick cells, and 
for the RSV capacity of established Rous sarcoma 
cells, is 10 times larger than the dose scale for 
either the ability of cells to divide or their capac- 
ity to produce RSV if infected after irradiation. 

It is evident from figure 12 that the ability of 
cells to divide and their capacity to initiate RSV 
multiplication are indistinguishable in their sensi- 
tivity to radiation. However, the capacity of 
these cells to produce NDV is highly radio- 
resistant, as is the capacity of established Rous 
sarcoma cells to continue virus production. Thus, 
with regard to the radiosensitivity of cellular 
capacity to support virus growth RSV follows in 
some respects the general comparative pattern o1 
temperate phages. 


IS THERE A ONE TO ONE CORRELATION BETWEEN 
ABILITY OF A CELL TO DIVIDE AND CAPACITY 
TO INITIATE RSV PRODUCTION? 


The finding of similar slopes for colony form- 
Ing ability and RSV capacity suggested that cell 
division or at least the intact machinery required 
for cell division is necessary for the establish- 
ment in the cell of the information required to 
produce RSV. However, another explanation for 
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the similarity of the two slopes might be found 
in the possible existence of two separate centers 
of similar radiosensitivity in the cell, one asso- 
ciated with cell division, and one with the initia- 
tion of RSV production. If the latter were the 
case, the similarity of inactivation slopes would 
be fortuitous. 

A technique for discriminating between these 
two models has been devised, based on the fol- 
lowing discussion. If the first model were correct 
and both functions were controlled by a single, 
common target, then all the cells which retain 
the capacity to produce RSV after irradiation 
would also retain the ability to divide. Assuming 
no significant delay in division due to sublethal 
damage to the x-ray survivors, the number of 
cells producing RSV in a population of cells ir- 
radiated before infection should increase at the 
same rate as the number in an unirradiated popu- 
lation. 

If, on the other hand, each function was con- 
trolied by an independent target, then very few 
of the cells producing RSV in a population of 
cells receiving a moderate dose of radiation 
should be able to divide. If reinfection can be 
prevented, then there should be a long lag before 
any increase can be detected in the number of 
cells producing RSV, since most of them would 
be incapable of dividing. 

To illustrate these alternative models let us 
take the example of a population which has 
received a dose of x-rays which reduces both the 
number of cells able to initiate RSV production 
and the number able to divide to 10% of an un- 
irradiated population. Under the common target 
model, all the cells producing virus can also divide 
and the ratio of RSV-producing cells in the 
irradiated to those in a non-irradiated population 
should remain constant at 0.1 no matter how 
many cell divisions ensue. Under the inde- 
pendent target model, however, the ratio would 


TABLE 1. PRODUCTION OF VIRUS BY 
X-IRRADIATED ROUS SARCOMA CELLS 


Number of cells Number of foci 


plate produced per plate 
Control......... 3100 212; 197 
Irradiated...... 3100 204; 180 


Four cultures of chick fibroblasts were infected 
with RSV and the unadsorbed virus was removed 
by washing. 44 hours later 2 of the cultures were 
given a dose of x-rays to reduce the number of 
dividing cells to less than 10% of the original 
number. The cells from the irradiated and unirra- 
diated cultures were suspended, counted and 
plated on cultures of normal fibroblasts. 
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Fie. 10. Comparative curves for the survival of free NDV and RSV as a function of x-ray dose. 
(A) x-rays delivered at rate of approximately 20,000 r/min. 
Fie. 11. Comparative curves for survival of free NDV and RSV as a function of UV dose. UV 


light delivered at rate of about 7.5 ergs mm=? sec. 


change from 0.1 to about 0.01 after 4 or 5 cell 
generation times elapse, since most of the RSV- 
producing cells in the irradiated population would 
not divide. 

An experiment was set up to determine whether 
the ratio of infected cells in irradiated and un- 
irradiated cell populations changed as a function 
of time. Cells were given varying doses of x-ray 
and infected with RSV. The number of infected 
cells and total cells were determined at each 
dose, immediately after infection and after 4 to 5 
cell divisions. 

The fraction of cells producing RSV after 4 to 
5 divisions are plotted as a function of x-ray 
dose in figure 13 where they can be compared to 
the theoretical expectations under both models. 
They fall in close agreement with the common 
target model. 

This experiment has been carried out under a 
variety of conditions, and the results consistently 
support the idea that a cell must have its entire 
genome intact after it has become infected with 


RSV in order to initiate virus production. How- 
ever, we can readily see from figure 12 that once 
the cell has assimilated the information required 
for virus production and has become an estab- 
lished Rous sarcoma cell, further cell division is 
not required for continued virus production. 


DISCUSSION 


A precise and versatile technique is described 
for measuring the infectivity of an RSV suspen- 
sion and of determining the number of sarcoma 
cells in a mixed cell population. This technique, 
when combined with cell cloning experiments, 
provides a tool for carrying out the kind of 
quantitative experiments which have become 
familiar in work with bacteriophages and cell- 
killing animal viruses. 

One special virtue of a reproducible in vitro 
assay for a tumor virus is that it permits the 
direct observation of the initial steps in the can- 
cerization of a cell. When studying cancerization 
in the living animal, not only does one encounter 
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Fia. 12. Capacity of chick embryo cells to divide 
and to produce NDV and RSV as a function of 
x-ray dose. Also capacity of Rous sarcoma cells to 
divide and continue virus production. (A) Upper 
secale—as in fig. 10—approximately 20,000 r/min. 
(B) Lower scale—approximately 2,500 r per min- 
ute. 





the great inaccuracies and limitations inherent in 
end point titrations, but the actual transforma- 
tion of normal cells into malignant cells is hidden 
from view since the tumor does not become de- 
tectable until the initially transformed cells have 
undergone many divisions. 

Several experiments have been out 
employing the in vitro assay and cloning tech- 
niques. The results of these experiments, when 
taken together, suggest that the genome of RSV 
is closely integrated into the infected host cell as 
an inheritable constituent. This conclusion is 
based partly on the demonstration that all 
Rous sarcoma cells have the ability to produce 
RSV even when they have been dividing under 
conditions where reinfection is minimized. This 
is also true of cell colonies which have grown up 
from a single cell and maintained continuously 
in the presence of antiserum to the virus for many 
generations. Such findings have special signifi- 
cance in the case of RSV, since the number of 
infectious units produced is very small and the 
cell population sparse to begin with, and anti- 
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serum should be very effective in reducing the 
number of cells infected by newly released virus 
to an insignificant number. The finding that all 
the progeny of infected cells can produce virus 
therefore indicates that the information required 
for virus production is transmitted from parent 
to progeny cell intracellularly, i.e. without the 
need for reinfection by mature RSV. 

Further support for a close interaction between 
the genetic material of RSV and its host cell comes 
from the series of experiments carried out to test 
the radiosensitivity of RSV, and of the capacity of 
cells to support its multiplication. Parallel ex- 
periments were carried out with NDV which 
served as a model necrotizing virus. The results of 
these experiments were strikingly similar in some 
respects to those obtained in experiments with 
temperate and virulent phages. RSV exhibited 
the same paradoxical resistance as temperate 
phages to inactivation by ultraviclet light. In 
the case of temperate phages this high vv resist- 
ance has been attributed to close interaction be- 
tween homologous regions of the genome of the 
virus and that of the cell (12, 13). These authors 
have suggested that the photochemical lesions 
due to uv can be repaired by interaction with the 
host genome while the x-ray damage, which con- 
sists of broken chemical bonds, cannot be re- 
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paired. It is tempting to conclude that the uv 
resistance of RSV is also due to repair of the 
photochemical damage of the virus genome by 
intimate interaction with some homologous 
region in the host cell’s genome. 

Further support for such close interaction is 
supplied by the experiments on the capacity of 
the host cells to support RSV multiplication. The 
results of these experiments indicate that a cell 
must have a completely functional and intact 
genome in order to be able to initiate the produc- 
tion of RSV.4 

The capacity to produce RSV becomes more 
resistant to inactivation by x-rays in the average 
cell somewhat before the first post-infection di- 
vision (Temin and Rubin, unpublished). Since the 
ability to produce RSV seems to become an inheri- 
table constituent of the cell, it is likely that the 
genetic material of the virus must somehow be 
integrated with that of the cell. This could readily 
occur when the cell’s genome is being duplicated 
some time before the cell divides, which would 
explain the need for the intact cell genome to 
initiate RSV production. Once this integratiot 
has occurred, further genome duplication is pre- 
sumably unnecessary for continued virus produc- 
tion, since all the genetic structures required for 
this production would then be present in their 
proper physiological orientation 

These findings may cast some light on the long- 
standing controversy as to whether cancer is 
due to somatic mutation or to virus infection. In 
the case of RSV it seems likely that the virus is 
acting, in effect, like a somatic mutation since it 
is apparently integrated into the cell in an in- 
heritable way; once integrated, it controls certain 
features of the appearance and metabolism of the 
infected cell and all its progeny in a manner in- 
distinguishable from the control exerted by 
altered genes which characterize mutation. 

Of course, the crucial tests for the existence of 
close interaction between the genomes of virus 
and cell depend, as they do with temperate 





4 The first suggestion that cell division might be 
required to permit the successful establishment of 
RSV infection was made in 1912 by Rous, Murphy 
and Tytler (16). 
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phages, on genetic experiments. Unfortunately, 
we have no reliable genetic markers as yet in 
either the chick fibroblast or RSV. Attempts are 
being made to remedy this situation. 

It should be emphasized at this point that al- 
though there are striking similarities between 
temperate phages and tumor viruses, there are 
also important differences. For one thing, a Rous 
sarcoma cell can make mature virus and continue 
to divide, while a lysogenic bacterium cannot. A 
second important distinction is that bacterio- 
phages contain DNA only, while it seems likely 
that RSV contains only RNA. Thus, while re- 
search with bacteria and bacterial viruses has 
given us information which has been useful in 
planning experiments and interpreting results 
with RSV, we must expect to encounter even 
more unique situations in this system and be pre- 
pared to deal with them in a unique and original 
way. 
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INTRODUCTION 


HALLOWELL Davis 


From the Central Institute for the Deaf, St. Louis, Missouri 


: sEssions on Neuropharmacology are 
joint sessions of American Society for Pharma- 
cology and the American Physiological Society. 
The joint sessions of two or more societies, 
whether they be Bi-Society sessions like the one 
today or Tri-Society sessions or Federation pro- 
grams, are one of the features of the Federation 
Meetings that distinguish these meetings from 
mere simultaneous meetings of 6 societies. They 
are a feature that make the Federation valuable. 
On my recent tour as President-Elect of the 
American Physiological Society I discussed with 
Federation members the problems of Federation 
meetings and programs. The members were virtu- 
ally unanimous and emphatic in their opinion that 
in spite of the well-known congestion, the scram- 
ble for hotel rooms, and the demand for meeting 
places, the Federation meetings are very much 
worthwhile. The reasons most often cited, next 
to the first place ‘giving a 10-minute paper and 
listening to those by others working in my field’, 
were the joint Federation sessions, the symposia 
and the bi-society sessions. Here is a unique 
opportunity to learn what is going on in subjects 
that are broader than any one society. The topics 
chosen are, of course, those of timely interest on 
which a large number of good and important 
papers can be expected in an area where rapid 
advances have been made. 

A symposium, with its invited papers, gives 
opportunity for a synthesis, a taking count of 
stock, which is particularly valuable not only for 
those of us who are on the periphery of the rapid 
advances, but also for those who may become too 
fully engrossed in one area of the field to give de- 
tailed attention to what is going on in related 
areas. This morning’s symposium will, we hope, 


1 Philadelphia, Pa., April 15, 1958. 


set the stage and provide a background for the 
10-minute papers to be presented this afternoon 
and tomorrow. The problems will be stated and 
experimental methods outlined. Precious time 
should thus be saved for new data, new ideas and 
stimulating discussion. 

The topic today is listed for brevity as ‘Neuro- 
pharmacology’. More properly we should call it 
Neuropharmacology and Psycho-pharmacology, 
for the distinction is worth making and the pro- 
gram tomorrow and Thursday is organized and 
labeled in this way. Both subjects are of interest 
to both physiologists and pharmacologists, but 
they are actually quite far removed from one an- 
other in their methods and frames of reference. 
Neuropharmacology begins with general neuro- 
physiology. Here the items of interest are the 
neuron, the synapse, the dendrite, action poten- 
tials and so on at the cellular level or as organized 
into special systems like the reticular formation 
and phenomena like the electrocorticogram. What 
is observed is some physiologically measurable 
change in the central nervous system. Another 
convenient division of neuropharmacology deals 
with analgesic drugs as a group and still another 
with anticonvulsants. 

Psycho-pharmacology, on the other hand, ob- 
serves the effects of drugs on behavior: the be- 
havior of the animal or the person as a whole. An 
important sub-class of drugs in this category, 
grouped together because of a common effect not 
because of a common chemical structure or bio- 
logical source, are the tranquilizers. 

In this classification I follow the scheme sug- 
gested by Dr. Otto Krayer and, for logical com- 
pleteness although it does not enter specifically 
into this morning’s program, I add Dr. Krayer’s 
third major division: Autonomic Pharmacology. 

We open our symposium with two papers in 
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General Neuropharmacology, one by a physiol- 
ogist, one by a pharmacologist—or at least they 
were invited by officers of those respective soci- 
eties to represent their points of view. The two 
papers are closely related in concepts and methods 
and we will discuss them together as a unit. First 
Dr. Harry Grundfest, of the Columbia College of 
Physicians and Surgeons, will tell us what he 
believes to be the electrophysiological basis for 
neuropharmacology. The  electrophysiological 
studies of Dr. Grundfest and his associates have 
attracted much attention during the last several 
years and, even more so, his revolutionary and 
somewhat controversial generalization that den- 
drites are inexcitable electrically but are sensitive 
only to chemical activation. 

The second speaker is Dr. Keith Killam of the 
Department of Anatomy of the University of 
California at Los Angeles. His title is a little 
more tentative than Dr. Grundfest’s: ‘Possible 
role of gamma-amino butyric acid as an inhibitor 
transmitter’. The combination of the last two 
words sounds almost like a contradiction in 
terms, but Dr. Killam wil! explain and if he and 
Dr. Grundfest have explained the mechanism 
of inhibition they will have captured the defiant 
and elusive character who in my own early days 
as a neurophysiologist we regarded as Public 
Enemy Number One—the mechanism of inhi- 
bition. We knew he was there, but always just 
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around the corner. I think Dr. Killam may have 
caught him, and he didn’t need any nerve net to 
do it, either. 

The last two speakers, chosen independently 
by their two society secretaries, represent Psy- 
cho-pharmacology. They are concerned with be- 
havior, not with action potentials. Their methods, 
like those of the electrophysiologists, have been 
greatly refined and improved in recent years, and 
the last speaker will tell us in some detail about 
this, particularly in relation to animal experi- 
ments. First, however, Dr. Peter B. Dews, of 
Harvard Medical School, will analyze some of the 
outstanding effects of psychopharmacological 
agents. In spite of the similarity of their interests 
and of their titles I believe the two next speakers 
have arranged a fair, equitable and amicable 
division of their subject matter. 

Dr. Joseph V. Brady, Head of the Department 
of Experimental Psychology of the Walter Reed 
Army Medical Center, has on more than one 
occasion given a most useful and penetrating cri- 
tique of the methods used in the evaluation of 
the effects of drugs on animal behavior. His most 
recent exposition was last December before the 
Association for Research in Nervous and Mental 
Diseases. He will repeat the gist of that presenta- 
tion for us today: appropriately dumbed down or 
souped up, I won’t say which, for a Federation 
audience, 
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AN ELECTROPHYSIOLOGICAL BASIS FOR 
NEUROPHARMACOLOGY 


H. Grunprest! 


From the Department of Neurology, College of Physicians and Surgeons, Columbia University, 
New York City 


A LARGE BopY of evidence upholds the view 
that synaptic electrogenesis is not evoked by 
electrical stimuli, i.e. the electrogenic membrane 
immediately involved in synaptic transmission 
is electrically inexcitable (1). This property 
denotes a fundamental difference of synaptic 
from the more familiar conductile electrogenesis, 
in which spikes are evoked by applied depolar- 
izing currents or by local circuit electrical excita- 
tion. It gives rise to a constellation of other 
properties by which the responses of transmis- 
sional, electrically inexcitable membrane may 
differ from those of the electrically excitable 
(table 1). Although first proposed (2, 3) to ac- 
count for several varieties of electrophysiological 
data (4-6), the hypothesis that the transducer 
actions, which produce synaptic electrogenesis, 
are electrically imexcitable has immediately 
obvious applicability to pharmacological prob- 
lems and provides a relatively simple schema for 
the linkage of pharmacological actions with 
electrophysiological processes (7). Strikingly 
useful is the analysis which this linkage has 
afforded of electrophysiological and pharmaco- 
logical phenomena of the mammalian central 
nervous system (e.g. 8-13). 

Chemical Nature of Synaptic Transmission. If 
postsynaptic potentials (p.s.p.’s) are not evoked 
by electrical stimuli and if transmission depends 
on their production, then it follows that synaptic 
transmission cannot be purely an electrical 
process. The electrical theory according to which 
“a nerve throws a muscle into contraction only 
by its currents of action,” (14), then must be 
rejected in favor of chemical transmission. Fur- 
thermore, the latter theory thereby becomes 
more than merely a possible explanation, as 
even some of its leading proponents now believe 





1The work of the author’s laboratory was 
carried out with support from the following: 
Muscular Dystrophy Associations of America, 
Inc., National Institutes of Health (B-389 C2), 
National Science Foundation (NSF G-2030), 
United Cerebral Palsy Research Foundation. 


(15, 16). Obligatorily, chemical mediation then 
must be the mechanism of synaptic transfer at 
electrically inexcitable junctional regions, in- 
cluding the vertebrate brain, in which transmis- 
sional phenomena predominate over the conduc- 
tile. Electrical, intercellular ‘field’ effects, though 
they do occur, are then to be considered as 
ephaptic phenomena of restricted importance 
(17, 18). 

Functionally Different Components of Excit- 
able Cells. The hypothesis also requires that one 
and the same cell may have (fig. 1) three func- 
tionally distinctly different excitable membranes’. 
At least one of these, the receptor, or input 
membrane component, may comprise two or 
more physiologically and/or pharmacologically 
distinguishable varieties. Recent evidence (20-23) 
also indicates that different regions of electrically 
excitable membranes in one cell may have some- 
what different properties. The constellation of 
properties, which defines each component and 
which can be deduced from general principles (1, 
18), have been verified by experiments, particu- 
larly for receptor (transmissional) and conductile 
membrane (table 1). The specifically sensitive 
input membrane and the electrically excitable 
conductile portion of the same cell cooperate, 
primarily through their electrogenic activities, 
that of the former capable of playing upon the 
latter with excitatory and inhibitory influences. 


2 Some electroplaques, muscle fibers, gland cells 
and retinal receptor cells appear to lack the con- 
ductile, spike generating component (1, 2, 19). 
They are electrically inexcitable, but respond to 
their specific stimuli with graded, summative, 
sustained potentials that may be depolarizing or 
hyperpolarizing, and are reversible in sign, ful- 
filling the criteria for this type of electrogenesis 
(table 1). In sensory cells that produce both 
generator potentials and spikes, the former arise in 
receptor membrane which is electrically inexcit- 
able. As well as being responsive to specific 
(photic, chemical, mechanical, thermal, etc.), 
stimuli, their membrane may also be sensitive to 
the same pharmacological agents that act upon 
synaptic membrane. 
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If electrogenesis occurs at the output terminals 
of the cell, it is probably associated with secretory 
activity during which a transmitter is released to 
act upon the receptive synaptic surface of the 
next, postjunctional cell. 

Interplay of Electrogenic Activities. Apparently 
complex phenomena of transmissional activity 
can be accounted for in terms of relatively simple 
interplays of these different processes, each 
reflecting the different properties of the primary 
functional components of the excitable cell. Thus, 
classical Wedensky inhibition can be explained 
as due to the blockading effects on electrically 
excitable membrane of sustained depolarization 
produced by strongly excitatory synaptic electro- 
genesis of the cell (fig. 2). The failure of a train of 
presynaptic impulses to elicit a similar train in 
the postsynaptic cell therefore occurs not at the 
synaptic junction, but at the sites where the p.s.p. 
plays upon electrically excitable membrane. The 
failure of the latter membrane to produce spikes 
is probably ascribable to sodium inactivation 
(24). Another physiological puzzle of long 
standing, the dual responsiveness of various 
invertebrate muscle fibers (cf. 25), is also re- 
solved by the co-existence of the two kinds of 
electrogenesis. In insect muscle fibers large and 
small depolarizing p.s.p.’s are evoked, respec- 
tively, by ‘fast’ and ‘slow’ nerve fibers. These 
different grades of p.s.p.’s operate in turn on 
electrically excitable membrane which is only 
gradedly responsive (26, 27). The resultant 
interactions produce either a large, spike-like 
depolarization causing a twitch-like contraction, 


Fie. 1. Generalized diagram 
of the 3 functionally different 
membrane structures. The re- 
ceptive input portion, not 
electrically excitable, responds 
to specific stimuli with a char- 
acteristic electrogenesis which 
may be depolarizing (excita- 
tory), or hyperpolarizing (in- 
hibitory). When the net 
electrogenesis of the input is 
depolarizing, it can initiate 
impulses in the conductile spike 
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or smaller, summative electrical and mechanical 
activities. 

Role of Pharmacological Agents. Obviously, 
when pharmacological phenomena are to be in- 
corporated with the electrophysiological, the 
counterpoint of even simple additional properties 
can give rise to apparently hopelessly complex 
effects. Many of these, however, can be assimi- 
lated relatively easily into the general theoretical 
framework, while others raise special varieties of 
problems which need not be considered in the 
present context. An example of all of these is 
provided in the actions of acetylcholine jets upon 
frog neuromuscular synapses (fig. 3). a) The ampli- 
tude of the endplate depolarization is graded ac- 
cording to the amount of applied acetylcholine. 
b) The duration of the response may be altered 
by varying the stimulus duration. c) The endplate 
potential (e.p.p.) continues to be generated when 
spike production is eliminated by depolarization 
due to high external Kt. d) The e.p.p. is inverted 
by changing the electrochemical conditions of the 
cell. All these phenomena are in accord with, and 
are accounted for by, electrically inexcitable 
electrogenesis of the endplate membrane (table 
1). An added feature is the ‘desensitization’ of 
this chemically excitable membrane by sustained 
application of the excitant drug (28). Desensitiza- 
tion is probably a fairly common phenomenon, 
present to different extents in different cells (5, 
7). However, beyond recognizing that this may 
give rise to apparent ‘refractoriness’ of synaptic 
membrane to continued application of its excitant 
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secretory activity, the products 
of which may excite the next 
postjunctional cell. While diagrammatically represented as distinct, the different components may 
be intermingled. Several varieties of input membrane, of the same electrogenic type, but distinguish- 
able by pharmacological and functional properties may exist together in the same cell, e.g. as in 
axo-dendritic and axo-somatic synapses. From (1). 
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TABLE 1. PROPERTIES WHICH DISTINGUISH TRANS- 
MISSIONAL FROM CONDUCTILE ELECTROGENESIS 





A. Conductile Response | B. Transmissional Re- 

with Impulse (Spike) | sponses (p.s.p.’s) 

1. Excited by depolar- | Cell membrane not re- 
ization, including | sponsive to electrical 
electrical stimuli stimuli 

2. As above Component of cell re- 

sponse not excited by 
electrical stimuli 


3. Vanishingly brief | Long, irreducible la- 
latency tency 

4. Always depolariz- | Hyperpolarizing or de- 
ing, overshoot polarizing 

5. All-or-none (except | Graded, reversible in 
in special circum- sign 
stances) 

6. Characteristic du- | Prolonged, sustained 
ration, never electrogenesis: a) to 


repetitive neural stim- 
uli; b) to chemical ex- 
citants 

No refractoriness 


summated 


7. Absolute and rela- 





tive refractori- 
ness 
8. Conduction at spe- | Non-propagating 
cific rate | (‘standing’) response 
9. Blocked by hyper- | Response during hyper- 
polarization polarization 
10. Inactivated by de- | Response during de- 
polarization polarization 
11. Low sensitivity to | Sensitive to pharmaco- 
drugs | logical agents in two 


ways: @) synapse ac- 
tivation; b) synaptic 
| blockade 
| 





drug, it will not be further considered in the 
present, general thesis. 

Classification of Synaptic Drugs. Chemical 
excitability of synaptic membrane probably 
accounts for its high sensitivity to drugs, and 
pharmacological actions affecting transmissional 
processes may be regarded as confined principally 
to the synaptic membrane’. In this context drugs 
fall into two categories. Synapse activators are 
natural transmitters or their mimetics. They 


3 The electrically excitable membrane may also 
be affected by drugs (5, 18), particularly by the 
‘non-depolarizing’ synaptic agents (ef. fig. 5). 
Drugs may also act on presynaptic nerve terminals 
(ef. 29, 30), although the details of these effects are 
not yet defined: In the present account, which 
concentrates on the paramount role of synaptic 
electrogenesis, these subsidiary aspects are 
neglected, though they are important in the 
general theory of electrogenesis (18). 
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excite electrogenesis in synaptic membrane by 
initiating the transducer actions which lead to 
specific changes in ion movements through the 
membrane (22, 31-33). The variety of electro- 
genesis, however, is independent of the drug, 
being determined by the nature of the transducer 
actions. Thus, at the intracardiac vagal synapses 
an activator drug probably causes depolarization, 
since the ganglion cells are excited to activity 
(34). At the neuromuscular cardiac junctions, 
the same drug causes hyperpolarization, as does 
vagal stimulation (35, 36). In both cases cardiac 
arrest may occur, but it develops through differ- 
ent paths, depending upon the type of synapses 
which are excited by the drug. 

A form of blockade related to Wedensky inhibi- 
tion is also caused by activators of depolarizing 
synapses (fig. 4). This blockade may be produced 
also by depolarizing the cell with an applied 
current, or with excess Kt in the external me- 
dium. Sometimes erroneously designated as 
‘curarization,’ the chemically induced blockade 
therefore is not a direct action of the drugs, but 
a secondary effect resulting from the sustained 
activity which they cause in depolarizing syn- 
apses. According to the views presented here 
Kt should not be regarded as a synaptic drug. 


As seen in figure 3, excess K*+ does not neces- 


sarily affect synaptic activity, and transmissional 
blockade by K* results from the direct depolariz- 
ing action of excess K* on the electrically excit- 
able membrane.‘ 

The second variety of drugs is that of synapse 
inactivators, of which curare is the type example. 
These substances (fig. 5) diminish or eliminate 
synaptic electrogenesis which would be evoked by 
a neural volley, or by activator drugs. While 
transmission thereby may be blocked, the cell 
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remains electrically excitable and responds to” 
direct stimuli. In the eel electroplaque, the ~ 
synaptic action of procaine is much less powerful — 


(5) than are the similar effects of physostigmine ~ 
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or of d-tubocurarine (DTC). Yet (fig. 5), the ~ 


synaptic role is clearly distinguishable from the 
slower, local anesthetic action of procaine which 
affects the electrically excitable membrane. In 
their simplest detail, the effects of activator and 


4 Decamethonium and succinylcholine depolar- 
ize various kinds of excitatory synapses (5, 7, 37, 
38) and should be classified with acetylcholine, as 
synapse activators of these. Nevertheless, they 
are currently listed in pharmacology textbooks as 
‘curareform’ drugs and as pharmaceutically equiv- 
alent to d-tubocurarine. 
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Fig. 2. The interplay of transmissional and conductile properties. Intracellular recordings. a: 
The electrically excitable membrane of the cat motoneuron, activated selectively only by clectrical 
stimuli through antidromic excitation develops only discrete pulsatile responses at all frequencies from 
140, 205, 280 to 630/sec. (|). b: The electrically inexcitable membrane of the motoneuron responds to 
trains of orthodromic stimuli with summated p. s. p.’s. At 205/sec. (lower set) the individual p. s. p.’s 
are distinguishable, but at 280/sec. (upper set) they are fused into the larger average depolarization. 
The discretely generated extracellularly detected afferent presynaptic impulses are also shown in each 
set of records. C: Spike inactivation appears in rabbit cervical sympathetic neurons at relatively 
low levels of depolarization by p. s. p.’s. At 80/sec., the large initial spike is followed by small pulsatile 
responses. At increasing rates of presynaptic stimulation (100, 120 and 150/sec. 1) the responsive- 
ness of the electrically excitable membrane is further impaired. At 150/sec. only the 2 initial spikes 
appear sustained synaptic depolarization inactivating the electrically excitable membrane. From (18) 





Fig. 3. Distinctive electrophysiological and pharmacological properties of electrically inexcitable 
synaptic membrane. Intracellular recordings at endplate of frog skeletal muscle fiber of responses to 
brief jets of acetylcholine and to longer applications of the drug. Left: The latter produce longer last- 
ing depolarizations that are initially large, but diminish in time. The testing responses to the brief jets 
also diminish at the same time, indicating that sustained application of acetylcholine decreases the 
sensitivity of the receptive membrane to the drug. Right: The preparation was placed in isotonic K.SO, 
which depolarized the tested muscle fiber. Intracellularly applied current polarized the muscle fiber to 
about 15 mv inside positive. Under the changed electrochemical condition the synaptic responses evoked 
by the drug appeared as an electrogenesis of reversed sign, but the properties of the activity were es- 
sentially unchanged. In the lowest trace the arrow indicates that the muscle fiber had been polarized 
inside-positive by about 15 mv. From (28). 
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Fig. 4. Differential effects of depolarization 
induced by a synapse activator on the spikes and 
p.s.p.’s of an eel electroplaque. Intracellular re- 
cording. Columns A-F, direct stimulation; 
columns A’-F’, etc., weak, moderately strong, and 
very strong stimuli to the nerve. A-A’’’, the 
response of the normal cell. The strong direct 
stimulus evoked a spike with very brief latency 
(A). The weak neural volley caused a p.s.p. (A’), 
the stronger also a spike (A’’, A’’’). The cell was 
then treated with weak eserine solution (25 ug/ml) 
for 78 min., and weak acetylcholine (1 ug/ml) for 
the last 58 min. of that period. These drugs had no 
effect on the potentials. Five ug/ml acetylcholine 
were then added. Depolarization developed, the 
spikes 36 min. later becoming smaller, but the 
p.s.p. was unaffected (B’-B’’’). The diminishing 
electrically evoked response 9 min. later (C-C’’’) 
became graded, as seen by its larger size in re- 
sponse to the stronger neural volley. These effects 
progressed during the next 19 min. (D-D’’’) and 
11 min. thereafter (E-E’’’). The p.s.p. to the 
threshold neural volley decreased (E’), but was 
still evident (F’) when the electrically excitable 
membrane no longer responded to a much stronger 
direct stimulus (Ff). The p.s.p., to a maximal 
neural stimulation (F’’’), was still about as large 
as initially (A’’’). This p.s.p. was still capable of 
evoking a small graded response of the electrically 
excitable membrane, as seen by the small delayed 
additional potential on the falling phase. From 
(58). 


inactivator drugs are opposing and the action of 
one can be reversed by addition of the other. 
However, although the depolarizing capacity of 
an activator is diminished or abolished by a 
synapse inactivator, depolarization of the elec- 
trically excitable membrane by excess external 
Kt is not affected. Thus, the relation of reversible, 
competitive antagonism between the two classes 
of drugs is achieved through their actions upon a 
common substrate, the synaptic membrane. 
Several complicating phenomena may be 
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mentioned here, to be set aside from further 
consideration. At cholinoceptive synapses, both 
physostigmine and prostigmine, as well as other 
anticholinesterases, can have ‘excitatory’ actions. 
When applied in extremely low concentrations 
they eliminate enzymatic destruction of acetyl- 
choline and thus enhance the action of this 
transmitter. However, in higher concentrations 
both block synaptic transmission, but by differ- 
ent mechanisms. Physostigmine then is a synapse 
inactivator like d-tubocurarine, while prostigmine 
is an activator drug, causing depolarizing block- 
ade as does acetylcholine itself. 

Another complication presumably derives from 
different chemical specificities of synaptic mem- 
branes, like those which are recognized in the 
classifications of cholinoceptive-adrenoceptive 
synapses, and of the muscarinic-nicotinic varieties 
of the former. Thus, decamethonium is an inacti- 
vator for some membranes (7, 37), and this may 
be related to its dual action at the neuromuscular 
synapses of frog (38). Other drugs also exert 
mixed effects, apparently activating some por- 
tions of an identically electrogenic synaptic 
membrane and inactivating others (18). 

Synaptic Modes of Action of Drugs. A form 
of specificity that does need to be considered 
further in the present account is that of drugs 
which act preferentially on depolarizing or 
hyperpolarizing synapses. Strychnine is such a 
drug which inactivates hyperpolarizing synapses 
(cf. 22), their selective blockade removing 
inhibitory braking upon the excitatory synapses 
and leading to runaway activity in the central 
nervous system (9). Taking into account these 
differences, the modes of action of synaptic 
agents may be grouped in 6 varieties, depending 
on whether the drugs activate or inactivate, selec- 
tively or non-specifically, the different types of 
synapses (table 2). However, the overt effects are 
only of two general varieties, ‘excitation’ or 
‘inhibition.’ Classification on the basis of overt 
effects thus leads to the bracketing of strychnine 
and Metrazol as ‘stimulants of the central ner- 
vous system’ because they both cause convul- 
sions. 

The ability of d-tubocurarine also to produce 
convulsions (ef. 9) illustrates one further compli- 
cation, that a drug may act more restrictedly 
or differently on one synaptic complex than on 
another. In the cat spinal cord, for example, d- 
tubocurarine potentiates strychnine, presumably 
exerting the same action as does the latter, selec- 
tive blockade of inhibitory synapses (8). On the 
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other hand, a drug wit h a highly selective action 


may appear to have no synaptic effects at all if 
it is tested on an inappropriate synaptic sub- 
strate. At neuromuscular junctions, or the 
dendritic synapses of the cat cerebellum (cf. 9) 
and in newborn animals of several species (39), 
strychnine is without action, except in very high 
concentrations. Thus, in the absence of hyper- 
polarizing synapses this drug appears to be inert, 
or when applied in high concentration acts like 
d-tubocurarine to block depolarizing synapses. 

Another complication which requires some 
attention is the synergistic action of a substance 
that of itself appears to be synaptically inert, 
but modifies the effects of a recognized synaptic 
drug. Heparin is such a compound at neuro- 
muscular synapses (40), and in the central 
nervous system (8, 9). When d-tubocurarine is 
injected into a heparinized cat, cerebral dendritic 
activity is not eliminated, but is markedly 
augmented (fig. 6) despite even a catastrophic fall 
of blood pressure. This effect is ascribable to the 
protection against curare-inactivation that 
heparin affords to depolarizing synapses. The 
hyperpolarizing, inhibitory synapses are then 
blocked preferentially and the larger extent of 
the depolarizing electrogenesis is then disclosed. 
This interpretation is borne out by the differ- 
ential test offered by the different synaptic 
organizations of cerebral and cerebellar cortex 
(9). Injection of large doses of d-tubocurarine into 
heparinized cats does not affect, or diminishes 
slightly, cerebellar dendritic p.s.p.’s while the 
cerebral augment. Other varieties of data had 
disclosed that the dendritic p.s.p.’s of the cere- 
bellar cortex are relatively lacking in hyper- 
polarizing synapses and the pharmacological 
test gave results which had been predicted on 
that basis. 

Actions of Amino Acid Synaptic Drugs. The 
same differential test has permitted discovery 
and analysis of a new series of synaptic drugs, the 
w-amino acids and related compounds (11-13, 39, 
41-42). The data obtained in studying these 
drugs have expanded considerably the theoretical 
dimensions of synaptic pharmacology. Further- 
more, these compounds may have more than 
theoretical interest, since y-aminobutyric acid 
(GABA) occurs naturally in the brain (43-45), as 
does y-guanidino butyric acid (46, 47), also a 
synaptic drug (18). 

When applied to the surface of the cerebral 
cortex, GABA reversibly inverts the evoked 
surface-negative dendritic response to positivity 
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Fie. 5. The mode of action of a synapse in- 
activator drug. Eel electroplaque, intracellular 
recording. A, a single voliey to the nerve evoked 
only a p.s.p., spikes being produced by facilitation 
during repetitive stimulation at 10/sec. A’, the 
directly evoked spike. B, 10 min. after exposure of 
the cell to procaine (1 mg/ml) facilitation by 
repetitive neural stimulation at 50/sec. became 
ineffective for eliciting a p.s.p. and transmissional 
blockade ensued. The cell continued to be directly 
excitable at this time (B’) and 17 min. later (C’), 
although the response was probably modified into 
graded activity. Eventually the electrically excit- 
able membrane also became unresponsive to very 
strong stimuli (D’, after 115 min.), reflecting the 
anesthetic action of procaine. The resting po- 
tential of the cell was not affected by the synapse 
inactivator drug, which also prevented a de- 
polarizing action by 10 ug/ml carbamylcholine, 
added 74 min. before the last record was taken. 
Calibration 100 mv and msec. From (58). 











(fig. 7B). Cerebellar dendritic activity, however, 
is eliminated by the drug. This difference indi- 
cates that GABA selectively blocks depolarizing 
synapses, leaving behind the hyperpolarizing 
activity which is to be found in the cerebral 
cortical response, but not in the cerebellar. The 
profound change which GABA produces in the 
evoked surface potentials of the cerebral cortex 
is not reflected as little as 0.4 mm below the 
surface (fig. 7A). This indicates that the action 
of GABA is not only selective for depolarizing 
synapses, but also for the dendritic sub-class of 
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these. It will be shown below that GABA, and 
related drugs, are essentially without effect on 
axo-somatic synapses. 

These actions are not confined to GABA, but 
are also produced by other w-amino acids (12); 
glycine (C,), B-alanine (Cs) and 6-amino valeric 
acid (C;) (table 3). However, the Cs, Cs and Cy 
compounds of this series have a strikingly differ- 
ent type of action (fig. 8). These drugs augment 
the cerebral dendritic response and leave the 
cerebellar intact. Thus, like the combination 
heparin + d-tubocurarine, these compounds 





TaBLE 2. SYNAPTIC MODES OF ACTION OF DRUGS 

















Type of | 
Synapse | 
Gute Dies De- | Hy. | fuamionile Type Effect 
[Feing | Doar | | 
Activators 
Non-selec- | + | + | Acetyl- | Excita- 
tive | choline | tory or 
Norepi- | Inhibi- 
nephrine| tory 
Selective (a) oF 0 | Metrazol | Excita- 
| |  Piero- tory 
| | toxin 
(b)| 0 | + | ? | Inhibitory 
Inactivators | | | 
Non-selec- | + | + | d-Tubo- | Inhibitory 
tive | |  curarine 
Selective (a) - | 0 | GABA | Inhibitory 
{b) pape Strychnine | Excita- 
H | 
| | 


tory 
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appear to block selectively the hyperpolarizing 
synapses. The striking transition of action de- 
pending upon carbon chain lengths of the w-amino 
acids, also found in other series of compound 
(cf. 48), probably indicates some basic structural 
difference in the electrogenic membranes causing 
synaptic depolarization and hyperpolarization. 
The synaptically active amino acids, and related 
compounds, thus should provide further informa- 
tion on structure-activity relations of drugs and 
synapses. By this means, inferences may then be 
drawn regarding the molecular structures of 
different varieties of electrogenic membrane. 

Structure-Activity Relations. The data are not 
yet sufficient to permit employing these pharma- 
cological tools to their maximum analytical use- 
fulness. However, as a preliminary indication, a 
few examples may be cited, based on a study of 
compounds variously related to the amino acids 
(39). Thus, the w-guanidino acidsare also synaptic 
drugs (fig. 9), but only the acetic (Gz) and pro- 
pionic (G3) compounds act like GABA. The 
guanidino butyric acid (G,) and higher homologs 
block preferentially the hyperpolarizing synapses. 
This indicates that the —C—-N— component of 

| 
ch 

the guanidino acids is at least to some extent the 
equivalent of a pair of CH, elements in the ali- 
phatic carbon chain of the w-amino acids. The 
guanidino acids, however, act less selectively 
than do the w-amino acids since those which 
block hyperpolarizing synapses of the cerebral 
cortex also tend to block depolarizing synapses 
in the cerebellum (fig. 9; Gy, Gs). 


Fig. 6. Modifications of phar- 
macological properties of corti- 
cal synapses produced by 
heparin. A-D: dendritic p.s.p.’s 
of cat cerebral cortex augment 
upon successive injections of 
DTC (3 mg/kg in B; 5 mg/kg 
more in C, and 10 mg/kg more 
in D) into heparinized prepara- 
tion. This result indicates that 
heparin protects depolarizing 
dendritic synapses, but net the 
hyperpolarizing against in- 
activation by DTC. This con- 
clusion is supported further by 
the differential effects on cere- 
bral and cerebellar dendritic 


p.s.p.’s. The cerebral response (A’, upper trace) was augmented (B) on injecting 2 mg/kg of DTC. The 
cerebellar response (lower trace), which is deficient in hyperpolarizing p.s.p.’s, was slightly diminished, 
indicating that the amount of heparin administered (50 mg/kg) did not completely protect the de- 
polarizing synapses. Five superimposed traces in each record. Combined from (8) and (9). 
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Among the varieties of structural changes 
that have been examined a few may be mentioned 
here. In general, the synaptic activity of the 
w-amino acids is more easily nullified than is that 
of their guanidino counterparts. Thus, the 
a-amino acids are without synaptic action, while 
a-guanidino acids retain weak synaptic effects. 
Sometimes, as in the case of creatine and creati- 
nine, which are methyl] substituted derivatives of 
guanidino acetic acid, the synaptic effects are 
opposite to those of the parent substance. 

Pharmacological Specificity of Cortical Axo- 
Dendritic Synapses. The specificity of GABA 
for dendritic synapses has already been noted 
(fig. 7A). The other drugs of this series, whether 
they block depolarizing or hyperpolarizing 
synapses, also restrict this action to dendritic 
synapses (fig. 10). The indirectly evoked compo- 
nents of the pyramidal tract discharge (49) are 
unaffected by C4, Ce, or Cs. However, the den- 
dritically initiated cortical spiking induced by Cs 
modifies the pyramidal tract response. 

Blood-Brain Barrier to Synaptic Drugs. On the 
basis of the foregoing account it does not seem 
rash to conclude that when the electrophysiologi- 
cal synaptic organization and the pharmaco- 
logical properties of different synapses are taken 
into account both electrophysiological and phar- 
macological phenomena can be specified in rela- 
tively simple terms, even when dealing with the 
most complex portions of the central nervous 
system (39, 50-56). However, other factors, 
probably not directly related to neurons often 
may also need consideration (cf. 57). An example 
of this is the blood-brain barrier. The amino acid 
drugs do not exert their full central synaptic 
effects when administered systemically. This is 
related to their inability to penetrate some com- 
ponent of the blood-brain barrier, for in regions 
of the brain where restricted barrier lesions have 
been produced (fig. 11), systemic injection of as 
little as 8 mg/kg GABA, or of the other com- 
pounds, evokes the same synaptic effects as does 
topical administration of these drugs (41, 42). 

Possible Functions of Amino Acid Drugs. The 
natural occurrence of many of these synaptic 
agents in the brain, presumably beyond the blood- 
brain barrier, suggests some implications re- 
garding the possible function of the compounds. 
If these substances are released by neural com- 
mands and can then act upon synapses, they 
would play a role as a peculiar variety of trans- 
mitters, operating not by initiating synaptic 
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Fig. 7. Differential effects of GABA on p.s.p.’s 
evoked in cerebral and cerebellar cortex of cat by 
surface electrical stimuli. The stimuli were 0.1 
msec. square pulses, applied through a pair of 
closely spaced 100-4 silver wires, Teflon-insulated 
except at their cross sections, which rested lightly 
on the cortical surface. The active recording 
electrode was a silver ball about 1 mm distant from 
the stimulating electrodes. A, surface-negative 
responses in cerebral cortex (suprasylvian gyrus) 
shown (1-8) on upper traces; on lower traces, 
simultaneously registered activity recorded with a 
100-4 wire electrode, insulated except at the tip: 
1 and 2, responses before application of GABA; 
1, both recording electrodes on surface; 2 to 5, wire 
inserted 0.4 mm below the surface; 3, reversal of 
surface negativity developed 20 sec. after applica- 
tion of GABA to the region of the electrodes (3 
drops, 10-? w/v); 4, 30 sec. later; 5, 1 min. after 
flushing the cortex with saline solution; 6, super- 
imposed dendritic responses recorded from the 
surface before and after applying GABA, showing 
the extent of the cortical changes which were not 
reflected 0.4 mm below the surface. This result 
indicates that the effect produced by GABA 
(selective blockade of depolarizing synapses) is 
confined to the dendritic synapses of the cortex. 
B, upper trace, from cerebral; lower trace, from 
cerebellar cortex, simultaneous recordings: /, sur- 
face-negative responses produced by a stimulus to 
each cortical surface; 2, topical applications of 
GABA (5 drops, 10-* w/v) to each site reversed the 
response of the cerebral activity, but diminished 
and nearly abolished that of the cerebellar cortex; 
8, recovery of both cortical resporses 2 min. after 
flushing with Ringer’s solution. From (11). 


activity, but by hindering its evolution by other 
stimuli. Thus, GABA and other substances of 
similar action, by blocking depolarizing, excita- 
tory synaptic activity would be ‘transmitters’ 
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TaBLE 3. CoRTICAL SYNAPTIC ACTIONS OF ALIPHATIC AMINO AND GUANIDINO ACIDS 
: Bs | 
Acids R = CH2 Bn ee 2 3 4 } 5 } 6 8 9 
a we ) DS RSES 
a-amino 0 0 0 0 
| 
R,--—-CH—COOH glycine| alanine a-amino | norvaline| norleu- 
butyric | | eine 
NH; | 
w-amino ee | eee — | Fe Sid i IRONS Weg a,c wb Wag ts bk i 
| 
NH.—R,-:—COOH B-alanine | y-amino | 6-amino | e-amino | w-amino | w-amino 
butyric | valeric| caproic| caprylic} nona- 
noic 
| 
a-w-diamino = | 0 ~ 
NH:—R,.:—CH—COOH | | 2,4-di- | ornithine! lysine 
amino | 
NH; butyric | | 
| 
ES | | 
w-guanidino —---|---- | ++++ | ++++ | +444 
| 
NH.—C—N—R,,_:—COOH) guani- | B-guani- | y-guani- | 6-guani- | | w-guani- 
| | | dino| dino dinobu-| dino | | dino 
NH H | ace- propi- tyric | valeric | non- 
| tie onic | anoic 
| | 
Bak fi al ee ad Praesent Seid 
a-guanidino +4 | ++ 
| 
R,-2»—C—COOH a-guani- | a-guani- 
dino dino bu-| 
H—N | propi- | tyric | 
| | onic | 
NHC | | 
| | | 
NH, | 
Symbols: — to ———-—, increasing blockade of excitatory synapses and overt ‘inhibitory’ action on 


cerebral cortex. + to +++4, increasing blockade of inhibitory synapses and overt ‘excitatory’ action 
on cerebral cortex. Some of the guanidino compounds have actions of both types. 0, compounds not ac- 
tive: w-guanidino acids act like n + 2 w-amino acids. 


with inhibitory effects. Other substances, y- 
guanidino butyric acid, creatine, creatinine and 
some of the B vitamins (39, 52), could be ‘excita- 
tory transmitters’ by blocking hyperpolarizing 
inhibitory synaptic activity. However, since the 
synaptic actions of the above-mentioned sub- 
stances are confined to the dendrites the effects 
would be determined by the role of the dendrites 
themselves. Since the dendritic synapses prob- 
ably only modulate excitability of conductile, 
electrically excitable membrane (8, 9, 54, 56), 


these transmitters might be expected to have 
relatively subtle actions. Thus, the occurrence 
of inactivating transmitters for dendritic synapses 
would provide still another dimension of com- 
plexity to the modes of action of the central 
nervous system. 

Comparative pharmacology. While the electro- 
physiology of invertebrate and vertebrate syn- 
apses form a coherent pattern (cf. 1, 6, 18, 22, 
32), this cannot, at present, be said for their 
pharmacology. The foregoing account therefore 
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CAPROIC (C6) 





on cerebral and 
inactivators of 


8. Different actions 
cerebellar cortex of selective 
hyperpolarizing (inhibitory) dendritic p.s.p.’s. 
Cerebral negativity (upper trace in each set) was 
augmented (middle column) by eliminating hyper- 
polarizing activity 1 min. after applying amino 
acid drug (2, 5). Cerebellar responses (lower 


Fig. 


traces), lacking in hyperpolarizing dendritic 
p.s.p.’s, were not affected. The effects of the drugs, 
like those of GABA, were reversible (3, 6) upon 
rinsing the cortical surface with Ringer’s solution. 
Five superimposed traces in each set of records. 
Time 20 msec. From (12). 


was based entirely on vertebrate pharmacological 
data. This restriction may, however, disappear in 
the near future, as a result of the parallels in the 
effects of some amino acid drugs on both kinds 
of synapses. 

GABA was identified with an ‘inhibitory 
factor’ extracted from cat brain, by their similar 
actions on crustacean stretch receptors (59) and 
muscles (60). Indirect evidence suggested (61) 
that GABA activates the inhibitory synapses of 
the stretch receptor. Direct evidence that this is 
so has been obtained with intracellular recordings 
and conductance measurements in lobster muscle 
fibers, which have both excitatory and inhibitory 
synapses (62). Selective activation of the inhibi- 
tory synapses by GABA is blocked by picrotoxin, 
which also blocks the neurally evoked inhibitory 
p.s.p.’s, but not the excitatory. Thus, in the 
lobster muscle fibers and probably also in cray- 
fish stretch receptors (63) and muscles (64), 
GABA and picrotoxin are competitive antag- 
onists. The two drugs are also antagonistic in cat 
brain (11), but the similar over-all effects are 
achieved by different mechanisms. In the cat, 
picrotoxin activates the excitatory synapses, 
which GABA inactivates. Picrotoxin is the inac- 
tivator, GABA the activator in the crustaceans, 
but of their inhibitory synapses. 

This doubly inverted relation extends further. 
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Fig. 9. Characterization of the modes of synap- 
tic action of guanidino acids by differential tests 
on cerebral and cerebellar evoked dendritic 
responses. Gi-G, denote respectively the acetic, 
propionic, butyric and valeric w-guanidino acids. 
All but Gs; recorded from one experiment with 
simultaneous observation of effects on cerebral 
(upper trace) and cerebellar responses. Only 
cerebral records shown for G; which was also 
taken with a slower time base. A, before; B, about 
30 sec. after topical application of the drug; C, 
about 10 min. after rinsing the cortical surface. 
Five consecutive responses superimposed in each 
record. Time calibrations 20 msec. From (13). 


Carnitine, a selective blockader of inhibitory 
synapses in cat (39) activates the excitatory 
neuromuscular synapses in lobster (62). However, 
the relation is not complete. Strychnine and the 
long-chain w-amino acids are without effect, but 
so are acetylcholine, d-tubocurarine and other 
agents that are pharmacologically active in 
vertebrates and even in some invertebrate sys- 
tems. Nevertheless, the discovery of pharmaco- 
logical relations between the invertebrate and 
vertebrate synapses, even though restricted, sug- 
gests that the synaptically electrogenic mem- 
branes share some structural factors. The relation, 
it may be noted, is between crustacean neuro- 
muscular synapses (and of a sensory cell), and 
mammalian axo-dendritic. The wamino acids 
probably also affect autonomic synapses, but do 
not act upon axo-somatic, or upon skeletal neuro- 
muscular junctions (39). 
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Fig. 10. Absence of effects of w-amino acids on 
axosomatic synapses. In each experiment, direct 
and relayed pyramidal tract activity evoked in the 
cortico-spinal tract by stimulating the motor 
cortex was recorded with electrodes inserted into 
the medullary pyramids (A). Topical application 
of the Cx, Cs and Cs drugs (B) did not modify the 
synaptically relayed activity. However, the 
cortical seizure discharges induced after Cs 
evoked further tract activity. Time 10 msec. 
From (12). 


Since the arthropods probably evolved from 
several stems (65) it is of interest that the neuro- 
muscular synapses of an insect, the grasshopper 
Romalea microptera are not affected by any of the 
above mentioned drugs (66). Thus, further atten- 
tion to comparative pharmacology, studied in 
terms of its electrophysiological mechanisms, 
may prove helpful in clarifying not only structure- 
activity relations of electrogenic membranes. 
Conceivably, the data may also assist evolution- 
ary theory. 


SUMMARY 


The nature of the primary relation that under- 
lies neuropharmacoiogical actions is the chemical 
reactivity of synaptic membrane, a consequence 
of its electrical inexcitability. This fundamental 
property gives rise to a constellation of differences 
between synaptic electrogenesis and the responses 
of conductile, electrically excitable membrane. 
The interactions between causative synaptic 
electrical activity and the resultant conductile 
responses are therefore complicated, since the 
two types of electrogenesis are subject to different 
laws. 

Different varieties of drugs play upon electro- 
physiologically and pharmacologically differenti- 
ated varieties of synapses, affecting their elec- 
trical responses as excitants (synapse activators) 
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A-D HI id ia s.r. 

Fie. 11. Effectiveness of systemically ad- 
ministered GABA in cortical regions of blood- 
brain barrier loss. A—D: ethyl chloride-induced 
barrier lesion on one side; succinylcholine prep- 
aration. Upper channel in A, D and trace in B from 
site of lesion, delineated in the course of the 
experiment by staining with Evans’ blue dye. 
Lower channel record in A, D, and trace in C, from 
homologous, opposite, barrier-intact cortex. 
B and C, superimposed consecutive responses from 
site of lesion (B) and barrier-intact cortex (C), 
40-50 sec. after GABA, 50 mg/kg i.v. D, simul- 
taneous traces from both recording sites 1 hr. 
later. E-H: barrier lesion induced by chloroform- 
methanol; preparation under pentobarbital, 15 
mg/kg. Superimposed traces, simultaneous re- 
cordings from intact cortex (upper), and from 
region of barrier lesion (lower). E, before injection. 
F, after 8 mg/kg GABA. G, after 25 mg/kg. H, 90 
min. after G. J-K: ethyl chloride-induced barrier 
lesion; preparation under pentobarbital (15 mg/ 
kg). Simultaneous recordings from intact (upper) 
and lesion sites (lower). J, before, and J, after 
injection of GABA, 25 mg/kg i.v. The effect on the 
region of barrier lesion disappeared slowly. K, 
showing recovery after 45 min. LZ, records like 
those of J and J superimposed to show ineffective- 
ness of systemic GABA in barrier-intact cortex 
(two upper traces) and profound effect in region of 
barrier-loss (two lower traces). Time calibrations, 
20 msec. From (41). 
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or by hindering or blocking synaptic electro- 
genesis (synapse inactivators). The influence of 
neuropharmacological agents thus may be exerted 
directly upon synaptic activity or indirectly upon 
conductile processes. Since the relation between 
the two electrophysiological activities is complex, 
overt physiological and pharmacological effects 
of drugs may take on various aspects of com- 
plexity. 

Present in neuraxial structures are different 
proportions of depolarizing (excitatory) and 
hyperpolarizing (inhibitory) synapses; axo-soma- 
tic and axo-dendritic varieties of these; possessing 
many degrees of difference in pharmacological 
sensitivity. Their various organizations into 
complexly patterned integrations of synaptic 
with conductile activities therefore give rise to a 
bewildering variety of neuropharmacological 
actions. Nevertheless, analysis in terms of the 
fundamental mechanisms outlined in this paper 
has been applied with considerable success to a 
system so seemingly complex as the mammalian 
brain. This has led to some simple formulations 
linking synaptic organizations, electrical activ- 
ities and neuropharmacological effects. These 
formulations have been tested and affirmed by 
their internal consistency when confronted by the 
challenge of new varieties of data, and by their 
predictive ability to bring forth new phenomena 
that have been then experimentally verified. 
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POSSIBLE ROLE OF GAMMA-AMINOBUTYRIC ACID 
AS AN INHIBITORY TRANSMITTER 
K. F. Kita! 


From the Departments of Pharmacology and Anatomy, University of California Medical Center, 
Los Angeles, California 


See the amino acid gamma-aminobu- 
tyric acid has led to a great deal of interdiscipli- 
nary thinking and research linking together 
metabolism, structure and function within the 
central nervous system. Whether or not this sub- 
stance turns out to be a central transmitter may 
be of little importance in comparison to its value 
as a stimulus to advances in several disciplines. 
Essentially, interest in this substance has grown 
from three points of view; I should like to present 
for discussion some of the data upon which this 
interest is founded. 

First, in 1950 three groups independently re- 
ported the presence of gamma-aminobutyric acid 
in the central nervous system. These groups were 
Roberts and Frankel (1), Awapara et al. (2) and 
Udenfriend (3). Since that time Roberts and his 
co-workers have continued their work, describing 
the substance in terms of its occurrence, the en- 
zymes for its synthesis and destruction, and the 
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possible biochemical significance in nervous tissue 
of the compound and the enzymes involved. They 
determined that gamma-aminobutyric acid 
(GABA) was formed from the decarboxylation of 
l-glutamic acid by the vitamin Be-dependent en- 
zyme, l-glutamic acid decarboxylase. Bessman 
et al. (4) showed that GABA could be transamin- 
ated to form succinic semialdehyde and the latter 
substance hydrated to form succinate. Since 
glutamic acid can be formed by the amination of 
alpha-ketoglutaric acid we see that this complex 
of enzymes with the formation of GABA makes 
up an accessory cycle to the tricarboxylic acid 
cycle with alpha-ketoglutaric acid aminated to 
form glutamic acid, glutamic acid decarboxylated 
to form GABA, GABA transaminated with more 
alpha-ketoglutaric acid to form succinic semi- 
aldehyde and more glutamic acid and succinic 
semialdehyde hydrated to form succinate (fig. 1). 
It might be said that the step in the tricarboxylic 
acid cycle between alpha-keto glutaric acid and 
succinate can be ‘short circuited’ to form GABA. 
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succinic acid in the tricarboxylic acid cycle. 


It is of importance to remember that this step in 
the tricarboxylic acid cycle has been considered 
to be the rate-limiting reaction of the cycle; thus 
the whole cycle could be secondarily regulated by 
the activity of the accessory GABA cycle. Fur- 
thermore, this portion of the metabolic cycle is 
also important in that glutamine is the only sub- 
stance that will cross the so-called blood-brain 
barrier and thus represents the mechanism for 
replenishment of substrates for the tricarboxylic 
cycle from circulating substances. 

Roberts (5) has recently summarized the bio- 
chemical properties of GABA and I refer you to 
his excellent review. He and his co-workers have 
shown that different tissues of the body have 
what might be considered a classical fingerprint 
in terms of free amino acids. An outstanding 
finding has been that in the classes of animals 
tested, fish, amphibia, birds and mammals, 
GABA is localized almost exclusively in the 
brain. They have determined further that the 
synthetic enzyme, /-glutamic acid decarboxylase, 
is found exclusively in the brain, whereas the 
transaminase which destroys GABA is located in 
most tissues of the body, especially the liver. 
Embryologically, GABA and l-glutamic acid de- 
carboxylase appear with the maturation of the 
central nervous system. These workers also found, 
as did many others, that GABA administered 
peripherally produced little or no pharmacological 
effect. The possibility then arose that GABA 
either did not pass the ‘blood-brain barrier’ or 
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Fig. 1. Role of gamma aminobutyric acid in an accessory cycle between alpha ketoglutaric acid and 


that it was destroyed so rapidly in the periphery 
that little reached the brain. 

The second research direction is typified by the 
findings of Florey (6) who searched for an in- 
hibitory substance in various extracts of the 
brain. He described a factor I from one of his 
extracts that would inhibit the crustacean stretch 
receptor (7). Together with McLennan (8, 9) he 
demonstrated that this extract would inhibit 
mammalian neural processes. With Bazemore and 
Elliott (10) he first inferred that the active prin- 
ciple was probably GABA. The possibility, how- 
ever, now appears that GABA may not entirely 
account for the inhibitory nature of factor I. 
Hayashi (11) has described an inhibitory factor 
that he believes is gamma-amino beta-hydroxy- 
butyric acid. In a comparison of GABA, the latter 
substance and factor I, McLennan (12) has re- 
cently reported that GABA cannot account for 
the total effects of factor I but that the Hayashi 
factor is similar in activity to GABA. 

A pharmacological approach resulted in a third 
type of data on GABA. Several years ago, I was 
fortunate enough to be associated with Drs. C. C. 
Pfeiffer and J. A. Bain in a study of the mechanism 
of action of convulsant agents. The general aim of 
the program was a new approach to ideopathie 
epilepsy through understanding the action of 
simple convulsant agents so as to be able to design 
anticonvulsants with a wider spectrum of activ- 
ity. In the course of this work a class of com- 
pounds known as hydrazides were found to pro- 
duce epileptiform seizures (13, 14). This class of 
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compounds includes isoniazid, a compound useful 
in the treatment of tuberculosis. A most striking 
characteristic of the compounds was the latency 
of 60-90 minutes after administration before sei- 
zures began. This latency was the same irrespec- 
tive of the route of administration. Once initiated, 
the seizures became repetitive and the animals 
finally died in a state similar to status epilepticus. 
Investigation of free-amino acid levels in brains 
of animals with such seizures revealed that the 
brain levels of GABA were 50-70% of control 
while other amino acid levels were unaltered (15). 
This appeared to result from the hydrazide rather 
than the seizure per se since seizures induced by 
pentylenetetrazol produced no change in the 
amounts of GABA in the central nervous system. 
Further studies showed that the hydrazides low- 
ered the central nervous system levels of GABA 
by inhibiting /-glutamic acid decarboxylase, the 
enzyme forming GABA, both in vitro and in vivo 
and that this enzymatic inhibition could be re- 
versed by the administration of vitamin Beg (15). 
Jenney, Smith and Pfeiffer (13, 14) were able to 
antidote hydrazide seizures in both laboratory 
animals and in patients given hydrazides for 
chemo-shock therapy by the administration of 
the vitamin. Glutamic-aspartic transaminase and 


PROCEEDINGS Volume 17 
l-cysteine desulfhydrase, also vitamin Be-depend- 
ent enzymes, were not inhibited in vivo by the ad- 
ministration of convulsant doses of the hydrazides 
(15). Thus the /-glutamie acid decarboxylase 
appeared to be particularly sensitive to the action 
of the hydrazides. Roberts has stated that the 
apoenzyme-co-enzyme bond of brain /-glutamic 
acid decarboxylase is very labile as compared 
with the same enzyme from E. coli and in com- 
parison to other B.-dependent enzymes. Recently, 
Williams and Abdullian (16) and Wiegand (17) 
have reported that following the administration 
of the hydrazides a complex of vitamin B, and 
the hydrazides appear in the urine. Roberts and 
Baxter (personal communication) have shown, 
using radio-active glutamic acid, that the hydra- 
zides block the appearance of labeled GABA. 
Thus, there is good biochemical evidence for 
the hypothesis that the mechanism by which 
the hydrazides produce epileptiform seizures 
involves blockade of the formation of GABA 
and consequent depletion over time of this amino 
acid in the brain. 

More evidence along this line was provided by 
combined neurophysiological and enzymological 
studies relating the appearance of seizure activity 
to alterations in enzyme activity which I under- 
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Fig. 2. Slow onset of subcortical and cortical seizures after intravenous administration of thiosemi- 


carbazide. Cort = 
mesencephalon. 


recordings from cortical areas, CN = caudate nucleus and CG = central grey of the 





suc 
tra 
Mé 
SOL 
ord 
the 
loti 
stu 
the 


stir 
lob: 
cep 


pot 
the 


inv 
as ¢ 
the 





nd- 
ad- 
des 
lase 
lon 
the 
mic 
red 
om- 
tly, 
17) 
bion 
and 
and 
wn, 
lra- 
BA. 

for 
Lich 
ures 
BA 
1ino 


| by 
‘ical 
vity 
der- 


emi- 
f the 





December 1958 GAMMA-AMINOBUTYRIC ACID AS INHIBITORY TRANSMITTER 


took with Preston (18, 19). During the latent pe- 
riod following hydrazide administration and before 
the onset of overt seizures, electrical seizure ac- 
tivity appeared in certain subcortical areas (fig. 
2). At this time the enzyme producing GABA was 
inhibited in those areas but not in other subcor- 
tical tissue. Some 30 minutes later, when high 
voltage cortical spiking and seizures appeared in 
neocortex and frank convulsions resulted, en- 
zymatic inhibition was evident in neocortex (18). 
Thus, enzyme inhibition, fall in GABA levels, and 
the appearance of seizure activity went in paral- 
lel. From isolated cortex experiments (18) it 
seemed clear that enzyme inhibition did not per 
se initiate the seizure activity but preceded its 
onset, indicating that excitability may have been 
altered and on this background spontaneous elec- 
trical activity triggered the seizure discharge. 

Clinical correlates of the results presented so far 
have also begun to appear. In 1953 there was a 
sudden increase of epilepsy in infants that turned 
out to be related to the accidental destruction of 
vitamin Bs in a batch of milk substitutes. The 
seizures were controlled by giving the children 
supplemental vitamin B, (20, 21). This would ap- 
pear to correlate with the production of epilepti- 
form seizures caused by the acute depletion of 
vitamin Bg by the administration of the hydra- 
zides. Further, there have been reports of ‘Be- 
dependent’ children who could be kept seizure- 
free only by the administration of enormous doses 
of vitamin Beg (22). 

It is not surprising then that GABA has become 
such an appealing candidate for the regulator of 
transmission within the central nervous system. 
Many laboratories have brought to bear more 
sophisticated neurophysiological techniques in 
order to characterize further the role of GABA in 
the central nervous system. Within the time al- 
lotted, it will not be possible to mention all the 
studies, but I would like to outline the trends of 
the findings. 

Florey (23) has shown that GABA mimics the 
stimulation of the inhibitory cardiac fibers in the 
lobster heart as well as in the crayfish stretch re- 
ceptor. Edwards and Kuffler (24) have been able 
to relate the effect of GABA to the exchange of 
potassium and chloride ions after stimulation of 
the inhibitory apparatus in the stretch receptor. 

Purpura et al. (25) have used GABA both to 
investigate the properties of the amino acid itself 
as a regulator of transmission and to investigate 
the organization of the neocortical mantle. They 
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have examined the alteration of evoked cortical 
potentials following application of GABA to the 
surface of the cortex. Surface negative compo- 
nents of the local cortical response, the transcal- 
losal response and the recruiting response were 
shown to be first inhibited and then reversed in 
electrical sign (25, 26). This same group have also 
compared GABA with other agents of similar 
chemical configuration and they believe they have 
evidence for the presence of inhibitory synapses 
in the superficial layers of the cerebral cortex. 
In a more extensive report Iwama and Jasper (27) 
have confirmed their findings. In our laboratories 
Kidelberg, my wife and I (28, 29) have also con- 
firmed these results and extended them by investi- 
gations of the effects of alteration of intrinsic 
GABA levels in the brain. After thiosemicarba- 
zide, which blocks the synthesis of GABA, as the 
brain level of GABA falls there is a progressive 
increase in the size of the surface negative po- 
tentials. However, we have shown that the sur- 
face positive potentials from antidromic stimu- 
lation and from stimulation of directly projecting 
thalamic nuclei were also enhanced (fig. 3). The 
effect of thiosemicarbazide could be reversed by 
the administration of vitamin B,. Thus manipula- 
tion of exogenous and endogenous brain levels of 
GABA has been shown to alter cortical responses. 
These changes can be interpreted as evidence 
that GABA may be an inhibitory transmitter or, 
as Purpura et al. (25) mention, a substance alter- 
ing excitatory processes. 

Further information as to the regulatory ac- 
tivity of GABA in brain was provided by Das- 
gupta et al. (30), who were able to depress or pre- 
vent electrically induced seizures in the hippo- 
campus and on the neocortex by the topical ad- 
ministration of GABA and increase seizures by 
blockade of GABA synthesis through the ad- 
ministration of thiosemicarbazide. After the 
administration of thiosemicarbazide, periodic 
intraventricular injections of GABA were able to 
prevent the typical spontaneous seizures following 
thiosemicarbazide. After discontinuing the intra- 
ventricular injections of GABA the seizures reap- 
peared within a reasonable period of time. Topical 
GABA under the same conditions did not com- 
pletely block the thiosemicarbazide seizures but 
markedly altered the cortical patterns. 

In summarizing some of the evidence on the 
activity of GABA in the central nervous system, 
I have of necessity been brief and non-compre- 
hensive. A glance at the program for the rest of 








1022 


today has led me to hope that the groups from 
Columbia, McGill and the National Institutes of 
Health will summarize their own contributions for 
you more adequately than I could possibly at- 
tempt in the limited time. From the evidence thus 
far, it does seem that GABA as an endogenous 
substance of the central nervous system merits 
consideration as a possible regulator of central 
nervous system activity. The profound effects of 
lowering intrinsic brain levels of GABA through 
thiosemicarbazide administration both on evoked 
potentials and in inducing or enhancing paroxys- 
mal electrical discharge have certainly been sug- 
gestive as well as the effects of local application 
of GABA although the latter is open to many 
criticisms related to possible physical effects of the 
solutions employed. One might even question 
whether the same functional processes are being 
studied in comparing the effects of topical applica- 
tion of GABA to the effect of administration of 
the hydrazides. Unfortunately we are still bound 
thus by the necessity for deductive reasoning. 
This has been primarily due as mentioned earlier 
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to the failure of massive amounts of GABA to 
reach the central nervous system by peripheral 
administration. Recently, however, by the use of 
intracarotid administration, Marrazzi et al. (31) 
have reported effects on evoked potentials by in- 
jected GABA. Purpura et al. (32) on the other 
hand have circumvented the problem of pene- 
tration to the central nervous system by ‘altering 
the blood-brain barrier’ through freezing of corti- 
cal areas or topical application of organic solvents 
before systemic administration of GABA. Under 
these conditions they were also able to show an 
effect of blood-borne GABA. 

Let us now pose the question of what should be 
expected of an inhibitory transmitter. Probably 
everyone working with this problem has asked 
himself this question and has his own set of re- 
quirements. The substance should occur nor- 
mally. There should also be measurable conse- 
quences in terms of neuronal activity when there 
is an increase or decrease in the normal levels of 
the substances. There should be an ‘effector mech- 
anism’ involving the formation, the storage and 
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Fig. 3. Alterations in potentials evoked at motor cortex in the cat following administration of thio- 
semicarbazide (T.S.C.) and pyridoxal hydrochloride. Figures on left represent time in minutes from 
administration of T.S.C. Potentials shown in the columns from left to right were evoked by single stimuli 
to medullary pyramids, sciatic nerve, nucleus ventralis posterioralis lateralis of the thalamus, homo- 
topie cortex of the opposite hemisphere, nearby (within 2 mm) cortex and nucleus centralis lateralis of 


the thalamus. 
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utilization of the substance, a triggering mech- 
anism and a pathway for inactivation of the sub- 
stance. Consequently, when the triggering 
mechanism is fired, the substance should be re- 
coverable in some measure proportional to the 
activity expected. You will remember that these 
stipulations have been satisfied for the peripheral 
effects of acetylcholine and sympathin, but even 
for these ‘well thought of transmitters’ the role of 
these substances in the central nervous system is 
still in question. Although the difficulties have 
been described as being related to inadequate 
technical methods, there may be the possibility 
that mechanisms applicable to the control of 
transmission in the periphery are not transferable 
to transmission in the central nervous system. 
GABA fulfills other requirements as a trans- 
mitter much as does acetylcholine; perhaps that 
is what makes the substance so interesting and 
challenging. With respect to effector mechanisms 
related to GABA, the enzyme forming GABA is 
found exclusively in the central nervous system. 
An enzyme destroying GABA, however, can be 
found both in the brain and throughout the body. 
To go further with the parallel to acetylcholine 
which is known to be elaborated at certain auto- 
nomic endings, GABA might be elaborated by 
inhibitory brain cells as Eccles (33) described for 
Renshaw cells. We must remember, however, that 
such an inhibitory system has not been directly 
demonstrated. Rather, it has been inferred to 
exist from studies of the action of GABA on cor- 
tex. Our anatomical evidence is unfortunately not 
clear. While neocortical cells do appear in layers, 
these layers by no means sharply delineate for us 
intracortical and thalamocortical functional con- 
nections. Thus in attempting to explain the ac- 
tions of gamma-aminobutyric acid, we have 
brought into focus many gaps in our knowledge 
of the relation between neuroanatomical struc- 
tures and the physiological interactions. Further 
studies of this compound may help in closing these 
gaps so that investigations of even more complex 
neuronal aggregates can be carried out. 
Returning to a comparison of the experimental 
findings with GABA with requirements for an 
inhibitory transmitter, certainly manipulation of 
levels of GABA in the central nervous system has 
a marked effect on neuronal activity. Probably 
the most critical experiments will come when a 
drug is found that will selectively inhibit the 
transaminase which destroys GABA. Intrinsic 
levels of GABA can then be increased within the 
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central nervous system as is now possible to in- 
increase acetylcholine with choline esterase inhibi- 
tors. Data now available from topical application 
of GABA suggest the possible consequences of 
administering a transaminase inhibitor on the 
activity of certain local neuronal aggregates if the 
GABA is truly an inhibitory transmitter. What 
we have no information about is what effects 
might be expected on the central nervous system 
operating as a whole. Thus, a therapeutic im- 
portance attributable to such an agent may or 
may not exist. 

However, such studies along with further in- 
vestigations of direct actions of gamma amino- 
butyric acid on the brain and of lowered levels of 
the amino acid by hydrazide administration may 
reorient our concepts of central nervous system 
activity and function. 
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ANALYSIS OF EFFECTS OF PSYCHOPHARMACOLOGICAL AGENTS 
IN BEHAVIORAL TERMS! 


P. B. DEws 
From the Department of Pharmacology, Harvard Medical School, Boston, Massachusetts 


N EUROPHARMACOLOGY is concerned with effects 
of drugs on nervous tissue; psychopharmacology 
is concerned with the effects of drugs on the be- 
havior of a more or less intact animal. There is an 
area where the two sciences meet and correlations 
are sought and it is, of course, no accident that 
neuropharmacologists and psychopharmacolo- 
gists tend to be interested in the same sorts of 
drugs. Nevertheless, the distinction between 
neuro- and psychopharmacology will probably 
continue to be useful in the foreseeable future. 
The aim of this contribution is to show by ex- 
ample how psychopharmacology qualifies as a 
basic medical science. 

The great increase of interest in psychophar- 
macology during the last few years has not been 
due to the formulations of new theories or the im- 
pact of cogent arguments. It has been due mainly 
to the remarkable success which experimental 
pharmacologists and observant clinicians have 
had in discovering new drugs with hitherto un- 
suspected kinds of effects on behavior. This suc- 
cess has made it extremely important that a basic 
science of psychopharmacology should develop as 
fast as possible. Only by fundamental studies can 
we hope to achieve a coherent understanding of 
these drugs and, incidentally, to learn how to use 
them to best advantage. Much information is 


1 Some of the work described in this paper was 
supported by grants from the Public Health 
Service (M-1226 and M-2094) and from Burroughs 
Wellcome & Co., Inc. 


already available, but it is mostly unsystematie 
and fragmentary (1). 

The first difficulty facing experimental psycho- 
pharmacology is the complexity of behavior. 
Physiology is complicated too, yet it has been 
found that an understanding of the effects of a 
drug on the physiology of an animal can be at- 
tained if the effects are studied system by system, 
even cell by cell. It would seem reasonable to 
study the effects of drugs on behavior in a sim- 
ilarly analytical way. One method of doing so is 
to follow Skinner (2) and to study the frequency 
of aeccurrence of a ‘given’ response. Many of the 
things an animal or man can do may be chosen 
and designated as the ‘response’. (The word 
‘response’ is used in the sense prevalent among 
psychologists; it means simply ‘a bit of behavior’ 
and does not imply an identifiable eliciting stim- 
ulus: A ‘response’ need not be a response ‘to’ 
something; it may be emitted ‘spontaneously’.) 
For convenience a response is chosen whose oc- 
currences can be recorded objectively; and also 
for convenience, one that the animal can make 
repeatedly—can make a large number of times 
during a reasonable period of time. Then, the 
factors which determine the distribution of oc- 
currences of the response in time can be studied. 
Examples of actual responses which fulfill these 
criteria, and have been studied, are: rats pressing 
a lever or nuzzling a plastic key or licking water 
from a bottle; dogs pressing a panel; primates— 
monkeys, chimpanzees, man—pressing push but- 
‘ons of various kinds. 
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In the great majority of studies, the only de- 
pendent variable has been the distribution of 
occurrences of the selected response in time; no 
attempt has been made to measure all behavior 
simultaneously; even the response as such is 
taken for granted, and only its occurrences noted. 
It is suggested that this type of deliberate re- 
strictiveness is desirable if not essential in basic 
psychopharmacology at this stage of its develop- 
ment. Why is it, that when somebody learns how 
to study a single nerve cell or a single renal tubule 
or to isolate a single enzyme everyone (rightly) 
says ‘Bravo’; but when attempts are made to iso- 
late functional units of behavior for study many 
people say ‘Ah, but you are neglecting all other 
concurrent behavior and therefore your results 
are meaningless’? Surely, in both situations a 
sufficient justification for the line of study is the 
help it gives in understanding the total organism. 

Already many drugs have been shown to in- 
fluence the rates with which animals, including 
man, make responses of the kinds described. The 
effects of a given dose of a drug depend on 4 


EFFECTS OF PSYCHOPHARMACOLOGICAL AGENTS 


1025 


classes of factors: 1) What the animal is; the 
species chosen and the particular individual 
chosen. All genetic factors fall into this category. 
2) What the animal is doing; a) the nature of the 
response chosen for study and b) the frequency 
with which it is occurring under control condi- 
tions. 3) What the environment is doing to the 
animal; the eliciting, reinforcing, and discrimina- 
tive stimuli playing on the animal. It is conven- 
ient to include in this class ‘self-engendered’ stim- 
uli. 4) What has happened to the animal in the 
past; the nature of training to which the animal 
has been exposed, and also previous administra- 
tions of drugs leading to the possibilities of adap- 
tation, tolerance or cumulation. 

An example of a drug effect on behavior is the 
effect of methamphetamine in the following ex- 
periments. A pigeon is maintained on a regime of 
partial food deprivation. After appropriate 
training, it is given access to a piece of trans- 
lucent plastic, the key, for several hours a day 
(3, 4). Periodically, a light comes on behind the 
key. When it has been on for some fixed period, 


CONTROL 
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8I min. 


4 33 
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Fig. 1. Effects of methamphetamine on fixed interval performance in the pigeon. Ordinate: cumulative 
number of responses. Abscissa: time with key light on. The pen resets to the base line at each reinforce- 
ment. The figure shows samples of the performance at two periods during the daily session. Note the 
initial ‘depressive’ effect of the large dose of methamphetamine. The dotted line was added to show that 
the maximum rate following methamphetamine did not exceed the maximum control rate. 
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such as 15 minutes, the bird can get access to food 
for 4 seconds by giving a single peck to the key; 
that is, by responding once. The key light goes 
out when food is presented; it comes on again 
sometime later and the whole cycle can be re- 
peated indefinitely. A characteristic performance 
engendered by this schedule is shown in figure 1. 
When the light is not on the pigeon never pecks. 
When the light comes on, the pigeon still does not 
peck for a time; there is then a period of progres- 
sively increasing rate of pecking to a rate which 
is maintained until a peck produces the food at 
the end of 15 minutes. This performance is prob- 
ably not what would have been expected intui- 
tively, which is one of the reasons it was chosen 
as an illustration. These curves should be taken 
at their face value; do not sit in judgment of the 
intelligence of the pigeon. They should be treated, 
for example, with the same detached objectivity 
as an infrared absorption spectrum; one would not 
try to put oneself in the place of a molecule being 
irradiated to decide which wave lengths one 
would expect to be absorbed! 

The effects of a rather large dose of meth- 
amphetamine on this performance are shown in 
the lower part of figure 1. The difference between 
the effects at 81 minutes and at 393 minutes is 
due to a change in the effective concentration of 
the drug; it is the later effect which is of main 
interest. The biphasic effect is shown here to 
emphasize the necessity of exploring along the 
dose effect curve before any reliable statement 
about a drug effect can be made. 

The characteristic effect of methamphetamine 
is to lead to an increase in the number of responses 
made per interval. But the maximum rate of re- 
sponding is not increased (fig. 1); what happens 
is that the animal responds steadily at the begin- 
ning of the interval at a time when, under con- 
trol conditions, there is little or no responding. 

There is, of course, no more a priori reason why 
studies on pigeons pecking should help us under- 
stand human behavior than there is that studies 
on squid axons or crayfish stretch receptors or 
even cats’ cortices should help us understand 
human nerves or receptors or synapses. In all 
cases, direct evidence of generality is needed. 
Fixed interval performance does, in fact, seem to 
be a phenomenon of some generality (fig. 2). The 
general pattern of the performance (no respond- 
ing, then acceleration, then maintained steady 
rate) remains recognizably similar as the param- 
eter of the schedule varies over a considerable 
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range. Similar performances are found in other 
species—rat and chimpanzee—and for different 
specific responses—pressing a lever with paw or 
fingers or nuzzling a key—and for different kinds 
of deprivation and reinforeement—viz, water in- 
stead of food. Finally, Holland (5) has shown that 
a similar performance emerges when a man 
presses a push button under fixed interval contin- 
gencies. While these performances are not neces- 
sarily identical, the differences between them are 
much less than the change which can be caused 
by administration of a drug in any one of the 
situations. 

The effects of the amphetamines have now been 
studied in a variety of species on a variety of re- 
sponses under a variety of conditions. The follow- 
ing generalization seems warranted. If responses 
are occurring infrequently or intermittently, 
appropriate doses of the amphetamines lead to an 
increase in rate of occurrence. If a response is 
occurring steadily, then the amphetamines do not 
cause an increase in rate (even though the animal 
is physically capable of a several-fold increase in 
rate). This statement is based on the following 
evidence: 

1) Dose effect curves for methamphetamine 
have been obtained in pigeons working under 4 
different schedules of reinforcement (6). Two of 
these schedules gave rise to steady responding; 
methamphetamine had no appreciable effect on 
these performances until large doses were given 
(when the effect was to decrease responding). The 
other two schedules engendered intermittent re- 
sponding; in these, methamphetamine caused a 
considerable increase in over-all rate. 

2) Very low rates of responding in pigeons can 
be brought about by delay of reinforcement 
following a response. Methamphetamine caused 
increase in rate in this situation (7). 

8) Sidman (8) has studied rats pressing a lever 
to postpone an electric shock and Teitelbaum (9) 
has studied rats licking water from a bottle, also 
to postpone an electric shock. In both these situ- 
ations, after a response or group of responses, 
there is a period during which the rat rarely re- 
sponds. In both these situations amphetamine 
caused a considerable increase in rate. Under con- 
trol conditions, in Teitelbaum’s situation, the 
animal responds (licks) so infrequently that he 
receives many shocks. Following amphetamine, 
for a considerable period the animal got very few 
shocks, so in this case the amphetamine made the 
behavior more ‘appropriate’. 
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Fic. 2. Generality of characteristic fixed interval performance (no responding then acceleration 
then maintained steady rate). A fixed interval schedule of positive reinforcement was in operation in 
all examples shown in this figure. Upper row: pigeon pecking plastic disk (key) for food. Three differ- 
ent lengths of the fixed interval are shown, illustrating that the general pattern persists despite the 
100-fold change in the schedule parameter. Middle row: pigeon pecking key and rat operating similar 
key with snout; both for water reinforcement. Bottom row: rat pressing lever with front paw or paws 
and chimpanzee pressing lever with fingers; both for food. Note generality of characteristic form of 
fixed interval performance. (I am grateful to Drs. Morse, Falk and Ferster for providing me with the 


examples indicated.) 


4) The effects of amphetamines have been 
studied on a variety of schedules in which periods 
without a response were a condition for reinforce- 
ment (so-called ‘DRL’ schedules). On these sched- 
ules, some specified interval (usually of the order 
of several seconds) must elapse between responses 
if a response is to lead to food, water, etc. Re- 
sponding occurs relatively infrequently on these 
schedules under control conditions, although 
under many circumstances, usually too frequently 
for more than a small proportion of the potential 
number of reinforcements to occur. In pigeons, 
following the amphetamines, the frequency of re- 
sponses increased while the frequency of reinforce- 
ments decreased. In this case the behavior became 
less ‘appropriate’. Although the form of the dis- 
tribution of inter-response times differs in the 


e2e ta a 


pigeon and man, the effects of the amphetamines 
are similar (fig. 3) (10). Sidman (11) has demon- 
strated a similar effect in rats. 

In conclusion, the effects of amphetamines seem 
to be determined largely (but, of course, not ex- 
clusively) by the frequency of occurrence of the 
response (class 2b determinant in the scheme pre- 
sented above); the effects are generally similar 
irrespective of species, nature of response, mo- 
tivation, appropriateness of the performance, etc. 
This general statement agrees well with clinical 
descriptions of the effects of these drugs. 

In contrast, many of the effects of chlorprom- 
azine seem to be determined by class 3 effects. 
Chlorpromazine seems to weaken the control 
which some stimuli have over behavior. An ex- 
ample of this is the effect of chlorpromazine on a 
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Fig. 3. Effects of amphet- 
amines on relative frequency 
distributions of interresponse 
times. In the pigeons, the 10th 
response following a previous 
response by not less than 10 
seconds was reinforced. In the 
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humans, the 100th response 
following a previous response 
by not less than 2.5 seconds was 
reinforced. The solid line shows 
the control performance and 
the dotted line the performance 
after the designated dose of 
drug. Note the much greater 
tendency of the birds than the 
men to respond ‘too soon’ under 
the conditions of these experi- 
ments, but the similarity of the 
effects of the amphetamines in 
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multiple schedule controlled performance in the 
pigeon (3, 12). Pigeons receive food for every 50th 
peck made when a red light is behind the key, but 
for a response only when 15 minutes has elapsed 
(fixed interval) when a blue light is behind the 
key. When the red light is on, the pigeon pecks 
continually at a high rate; when the blue is on, a 
more or less characteristic fixed interval per- 
formance is seen (fig. 4). When a dose of chlor- 
promazine was given, the difference between the 
performances in the presence of the two stimuli 
became less (fig. 4); it was as though the stimuli 
had become less different. 

The effects of chlorpromazine in this regard 
could be mimicked by making the stimuli more 
alike—in fact, indistinguishable—by simply hav- 
ing both red and blue lights on all the time during 
a whole single session. There is a clear resem- 
blance of the performance on this day to the per- 
formance after chlorpromazine. 

Perhaps one of the best known effects of chlor- 
promazine on experimental animals, the so-called 
effects on conditioned versus unconditioned re- 
flexes, is really an example of an effect on stimulus 
control (13). In these experiments a rat is trained 
to climb a pole when a buzzer sounds to avoid 
receiving an electric shock through the grid floor. 
Chlorpromazine leads to the rat failing to climb 
the pole when the buzzer sounds, though it still 
does so when the shock comes. Climbing the pole 
to the shock is regarded as an unconditioned re- 


sponse; but after a few trials, surely the response 
to the shock in the form in which it is executed 
must be largely conditioned. The first time an 
animal is exposed to the shock it usually shows a 
very obvious motor response, but this consists of 
more or less ‘random’ movements. Only after a 
number of exposures does the animal come to es- 
cape from the shock by an immediate jump to the 
pole; thus this is, by definition, a conditioned re- 
sponse. That the shock can elicit unconditioned 
responses is no reason for supposing that all re- 
sponses to the shock must be unconditioned. The 
differential effect of chlorpromazine must thus be 
based on the functions of the buzzer and shock as 
discriminant stimuli; even when attenuated by 
chlorpromazine, the shock is such an overwhelm- 
ing stimulus that it still increases the tendency of 
the rat to climb sufficiently so that it climbs in a 
large proportion of the trials. 

Most of the clinically described effects of chlor- 
promazine—loss of initiative and reactivity, re- 
duction of tension and compulsiveness, etc.—can 
be translated into terms of stimulus control. But 
mere change of terminology does not necessarily 
contribute much to an understanding of the drug. 
If it is accepted that a main action of chlorprom- 
azine is on stimulus control, this is only the begin- 
ning of the full description of the behavioral 
effects of the drug. The next question is—is the 
control of all kinds of stimuli equally weakened by 
chlorpromazine? The fact that the pigeon con- 
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tinued to respond at much the same over-all rate 
following chlorpromazine in the experiments de- 
scribed earlier suggests that the control of stimuli 
occasioning responding was not affected by chlor- 
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promazine. In other experiments, on a modified 
fixed interval type performance, chlorpromazine 
had but a slight effect on total numbers of re- 
sponses made over the complete dosage range 
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Fic. 4. Studies on multiple schedule performance. Each row shows the record of a single complete 
day’s session of the same bird. The record on each row is continuous and has been arranged as shown 
only for convenience. In the upper and middle rows the letters R and B indicate the times when red and 
blue lights respectively were behind the key. When the red light was on, each 50th response was rein- 
forced (shown by small diagonal hatch mark); when the blue light was on the first response after 15 
minutes was reinforced. In the bottom row for the first time, both red and blue lights were on throughout 
the session, although the sequence of reinforcement contigencies was as in previous days. 
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studied (a hundred-fold range of doses) (14). 
Clearly the control over behavior of certain types 
of environmental stimuli (such as, perhaps, rein- 
forcing stimuli) is not readily modified by chlor- 
promazine. Many experiments are currently in 
progress to characterize more specifically the be- 
havioral effects of chlorpromazine. A case in point 
is the recent series of experiments by Blough (15) 
in which he has shown that chlorpromazine ‘helps’ 
a pigeon stand still. Perhaps chlorpromazine re- 
duces the tendency of environmental stimuli gen- 
erally to lead to behavior incompatible with 
standing still; but many other possibilities remain 
to be explored. 

It is hoped that the following conclusions will 
be drawn from the preceding discussion: /) A 
great deal can be said about the psychological 
effects of drugs in an entirely objective frame- 
work. 2) Even taking a fairly simple situation— 
one in which the only observed variable is the oc- 
currence of a ‘given’ response—a start can be 
made towards a systematic description of drug 
effects. In proceeding thus, it is not necessary to 
make assumptions about what animals are think- 
ing or feeling. By and large, intuition is proving a 
misleading guide in sorting out the complexities in 
this area, and probably the fastest progress will 
be made if empathy with either experimental 
animals or even human subjects is avoided. 

Although the preceding discussion has been 
limited to psychopharmacology, this does not be- 
speak a lack of interest in neuropharmacology. On 
the contrary, I would like to suggest that proper 
use of the common element of pharmacology in 
psychopharmacology and neuropharmacology 


may give extremely useful information, not only 
on drugs, but also on the relations between psy- 
chology and neurophysiology. It may well be that 
many ‘obvious’ features of behavior for which 
neurophysiological explanations are currently 
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being sought will turn out to be chimera; for ex- 
ample, some of the ‘emotions’ may prove to be as 
useless as scientific concepts as the humors of the 
ancients are to the biochemists of today. The 
neurophysiologist may be misled by what he sup- 
poses to be incontrovertible psychology. On the 
other hand, neuropharmacologists and psycho- 
pharmacologists can pursue their rigorous studies 
independently; though, being good friends, they 
watch one another’s progress with interest. The 
mere fact that they study the same drugs inevit- 
ably provides points of correspondence between 
the two systems; and one may confidently expect 
that clear and unforced correlations will emerge 
of an altogether higher order of generality than 
the ad hoc fragmentary hypotheses of today. 
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ANIMAL EXPERIMENTAL EVALUATION OF 
DRUG EFFECTS UPON BEHAVIOR 


JosEPH V. BRADY 


From Walter Reed Army Institute of Research and the Psychopharmacology Laboratory, 
University of Maryland, Baltimore, Maryland 


A ws RAPID EMERGENCE of a scientific psycho- 
pharmacology and the ever increasing need for 
an objective description of the effects of drugs 
upon behavior has been carefully developed in the 
paper presented for us by Dr. Dews. It is my in- 
tention to use as a starting point for the material 
I am about to present some of Dr. Dews’ con- 
cluding remarks about the kind of behavioral 
description which seems to be appropriate for 
such a pharmacological analysis. Further, I would 
like to reemphasize briefly some of the more fun- 
damental methodological requirements which 
appear basic to the establishment of an objective 
psychopharmacology. And finally, I will attempt 
to take some aspects of this drug-behavior prob- 
lem into an area which has not been emphasized 
in the previous presentations—that of ‘moti- 
vational’ or ‘emotional’ factors related to the be- 
havioral effects of drugs. 


SOME METHODOLOGICAL CONSIDERATIONS 


One of the more obvious basic requirements 
for drug-behavior evaluation methods at both the 
animal and human levels is the development and 
maintenance of stable and reproduceable base- 
lines against which to assess drug-correlated 
changes. It has now become abundantly clear 
that stability and reproducibility in terms of av- 
eraged data from groups of experimental subjects 
is not sufficient for this purpose. The great quan- 
titative variability in dose-effect relationships 
from one subject to the next may actually obscure 
or even falsify conclusions drawn from averaged 
data about the effects of a drug in the individual 
organism. In addition, the use of statistical con- 
trols in evaluating drug effects at either the psy- 
chological or neurological level necessarily implies 
a lack of experimental control over the relevant 
behavioral variables which cannot but severely 
limit a program of research on such a complex 
subject matter as psychopharmacologic relation- 
ships. 


The quest for more precise behavior control 
methods has led us in recent years to the analysis 
of a hitherto-neglected set of variables which ap- 
pear to contribute powerfully to the consequences 
of drug administration for behavior. Broadly de- 
scribed, these variables may be identified as the 
relations between behavior and its controlling en- 
vironment, and the development of techniques 
that permit a high degree of experimental control 
over the behavior of the individual has made it 
possible to identify and explore many of the con- 
tingencies that generate behavioral processes. 
These techniques have developed independently 
of pharmacologic applications, but the precision, 
sensitivity and reproducibility in behavior control 
which they provide have made it possible to ex- 
tend the basic methodology in various directions. 
The conceptual framework for this animal experi- 
mental approach to the investigation of psycho- 
pharmacologic relationships rests upon a simple 
principle: namely, the characteristics of an organ- 
ism’s behavior are to a considerable extent, at 
least, determined by what the environmental con- 
sequences of that behavior have been in the past. 
The animal laboratory has provided an oppor- 
tunity for the systematic analysis of orderly re- 
lations among behavior segments within this 
framework, and the term ‘operant behavior’ (2) 
has been used to refer to behavior which operates 
upon the environment in this fashion. The process 
of manipulating such behavior as a function of its 
environmental consequences has been termed 
‘operant conditioning’ and has been most effec- 
tively applied in our experimental program by 
attention to a few basic details. 

First, we have selected for measurement and 
manipulation a response whose topography is con- 
genial to the organism, and one that the organism 
can perform and immediately be in a position to 
repeat. Secondly, this kind of analysis has been 
enhanced by selecting an environmental conse- 
quence, or ‘reinforcement’, that is appropriate to 
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the particular experimental animal, and by uti- 
lizing motivational levels that are strong enough 
to minimize the effects of many experimentally 
irrelevant variables. Finally, an additional aspect 
of this approach to behavior analysis is the sys- 
tematic limitation of the experimental environ- 
ment to permit at least some reasonable degree 
of stimulus control and specification. Typically, 
the subjects in these studies may be thirsty rats 
pressing a bar in a small chamber to obtain a drop 
of water, as illustrated in figure 1. Or, a monkey 
in a somewhat larger experimental box (figure 2) 
of a chair-type restraining device (fig. 3) may 
manipulate a lever in order to postpone a painful 
electric shock or obtain a sugar pellet reward. 
Programming of all these experimental procedures 
and recording of the animal’s behavior is accom- 
plished automatically by timers, magnetic count- 
ers, cumulative work recorders, and associated 
relay circuits, as illustrated in figure 4. The point, 
of course, is not the investigation of eating or 
drinking behavior per se, or even of pain. Most 
importantly, the object of these techniques is to 
place some arbitrary sample of behavior under 
experimental control so that behavioral processes 
may be investigated as a function of a wide va- 
riety of operations including neurophysiological 
manipulations, ‘emotional’ disturbance, and even 
drugs. 


SOME BASIC OBSERVATIONS 


Initially, our efforts were directed toward the 
use of such operant conditioning techniques for 
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chambers in which rats are con- 
ditioned for experimental anal- 


mit observation and photo- 
graphic recording of the ani- 
mal’s behavior. 


reliably producing and selectively measuring 
emotional behavior patterns in experimental ani- 
mals, and investigating the effects of various 
drugs, particularly the newly arrived ‘tranquil- 
izers’, upon such effective responses. More 
recently, however, we have been extending our 
analysis to other types of drugs and developing 
a somewhat broader range of behavior techniques. 
In approaching these problems, laboratory ani- 
mals (rats and monkeys) have been first de- 
prived of solid food and liquids for 24 hours or 
more and then trained to press a bar for a water 
or food reward. Initially, the animals received a 
portion of the reward every time they pressed 
the lever (continuous reinforcement) although 
they were rapidly shifted to a schedule on which 
the bar press produced the reward only aperiod- 
ically (variable interval reinforcement, average 
once per 60 seconds). Figure 5 shows a record 
produced by a monkey lever pressing on such a 
variable interval reward schedule during daily 
experimental sessions lasting several hours or 
more. This record was obtained using a cumula- 
tive work recorder which consists basically of a 
kymograph moving the paper horizontally at a 
constant rate (11 inches per hour) and a pen 
which moves vertically across the paper by a 
small increment each time the animal presses the 
lever (900 lever responses per 5 inches). The pen 
automatically resets to ‘0’ whenever a complete 
vertical excursion of 900 responses has been 
made. This cumulative curve, then, indicates 
how many lever responses the animal made, and 


Fic. 1. Small animal test. 
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Fig. 2. Primate test chamber for conditioning 
monkeys in experimental behavior studies. 


the pips on the curve indicate when a response 
was rewarded on the variable interval reinforce- 
ment schedule. The slope of the curve provides 
a direct measure of the animal’s lever pressing 
rate over time. 

When the lever pressing rates for all animals 
had stabilized on such a variable interval sched- 
ule, as illustrated in figure 5, a conditioned 
emotional response of the ‘fear’ or ‘anxiety’ type 
was superimposed upon the bar pressing be- 
havior according to a modification of a basic pro- 
cedure previously described in some detail (8). 
Briefly, a clicking noise was presented at regular 
intervals during the lever pressing session and 
permitted to continue for a fixed period of time. 
Initially, the clicking noise was terminated 
contiguously each time with a brief painful 
electric shock to the animal’s feet through the 
grill floor of the lever pressing apparatus. Figure 6 
illustrates the behavior pattern which develops 
after several sessions on this procedure for a 
monkey receiving alternate 5-minute periods of 
clicker and no clicker during lever pressing for 
the variable interval sugared orange juice reward. 
With the pain shock following each 5-minute 
clicker presentation, virtually complete suppres- 
sion of the lever pressing behavior is apparent 
during the clicker periods (indicated by the offset 
sections of the cumulative curve), although the 
stable lever pressing rate is maintained through- 
out the 5-minute intervals between emotional 
conditioning trials. 
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After several experimental sessions with shock 
following every clicker presentation, all animals 
were shifted to a schedule which provided only 
occasional contiguous termination of the clicker 
with the shock. Although the clicking noise con- 
tinued to be presented at regular intervals for 
fixed 5-minute periods (3 minutes with the rats), 
the pain shock followed termination of the clicker 
on only one-third to one-half of the presentations. 
The effect of this procedure is shown in figure 7 
for a rat receiving the 3-minute licker presen- 
tations every 7 minutes during lever pressing for 
a variable interval water reward. The short offset 
sections of the curve mark the duration of the 
clicker periods, with the straight arrows indi- 
cating clicker onset and the broken arrows indi- 
cating shock on the two trials when it was admin- 
istered. A marked depression in lever pressing 
rate is still apparent during the clicker periods 
as compared to the 7-minute intervals between 
emotional conditioning trials, but the suppres- 
sion is by no means as complete as that observed 
during earlier training stages when shock was 
administered after each clicker presentation (fig. 
6). Upon reaching this stage of training, however, 
the ratio of the number of lever responses during 
the clicker periods to the number of lever re- 
sponses during the nonclicker periods has been 
found to remain stable (showing no consistent 





Fig. 3. Chair-type restraining device for monkeys. 
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Fie. 4. Automatic control, 
programming, and _ recording 
equipment for experimental 
analysis of behavior. 





Fic. 5. Sample cumulative 
response curve for a monkey 
showing the stable lever press- 
ing rate maintained by a vari- 
able interval sugared orange 
juice reward. The oblique pips 
on the curve indicate the aperi- 
odic delivery of the reward 
following a response. The re- 
corder can also be seen to reset 
to the baseline after 900 re- 
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sponses. 


trend) during more than 100 experimental hours 
for such animals. 

Since this procedure involved some stable and 
reproducible degree of control over an aspect of 
the organism’s response repertoire ostensibly re- 
lated to ‘emotional’ or ‘affective’ processes, it 
was decided to explore the effects of one of the 
more prominent tranquilizing agents, reserpine, 
upon the behavior baseline maintained in this 
way. In addition to suggesting an approach to 
the evaluation of any so-called ‘emotional’ effects 
which the drug might be expected to have, this 
technique of superimposing the conditioned sup- 
pression pattern upon a stable baseline of ongoing 
lever pressing activity appeared to provide a 
concurrent control for more generalized, non- 
specific behavior and motor disturbances, ma- 
laise, etc. And indeed, results obtained with both 
the rat and the monkey have been most revealing 
in this regard (4). Figure 8, for example, shows 


————1 15 MINUTES 


the effects of reserpine upon the behavior of a 
monkey after daily administration of 0.75 mg/kg 
for one week. Although the overall lever pressing 
rate is depressed more than 50% by comparison 
with the normal rate for this same animal as 
illustrated in figure 6, the conditioned suppression 
of responding during the 5-minute clicker periods 
(indicated by the offset sections of the curve) has 
been virtually eliminated. The animal under the 
influence of this drug continues to respond 
throughout the 5-minute clicker presentation at 
the same rate as during the 5-minute intervals 
between conditioning trials, even though the 
pain shock is paired with 30-50% of the clicker 
terminations. 

Essentially the same results were obtained with 
the rats, although the time course for the appear- 
ance of the drug effect upon the conditioned 
‘emotional’ response varied somewhat in different 
animals. In an attempt to provide a quantitative 
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Fic. 6. Sample cumulative response curve for a monkey showing complete suppression of lever pres- 
sing during repeated clicker presentation. Each clicker period (indicated by the offset sections of the 
curve marked ‘cl’ for the clicker and ‘sh’ for shock) was terminated contiguously with pain shock. 


description of these changes, comparisons, in the 
form of an ‘inflection ratio’, were made between 
the number of lever responses emitted during the 
auditory stimulus presentations and the number 
of lever responses emitted during periods of equal 
duration immediately before the stimulus inter- 
vals. This ‘inflection ratio’ was computed for all 
animals throughout the various phases of the 
experiment and indicated how much and in which 
direction the ‘emotional’ stimulus, during the 
periods when it was presented, changed the out- 
put of lever responses (see reference 5 for a more 
complete discussion of this measure). Briefly, the 
‘inflection ratio’ expresses the difference in output 
between the non-stimulus and stimulus segments 
of the curve as a fraction (percentage in decimal 
form) of the output during the non-stimulus seg- 
ment. (The ‘inflection ratio’ is expressed by the 


formula =A where A is the number of lever 


responses made before the stimulus, and B is the 
number made during the stimulus). Complete 
cessation of the lever pressing during the clicker 
stimulus appears as a ratio of —1.00, essentially 
unchanged output appears as a ratio of around 
0.00, and a 100% increase in output appears as a 
ratio of +1.00. 

Figure 9 shows the changes in strength of the 
conditioned ‘emotional’ response (expressed in 
terms of the ‘inflection ratio’) throughout the 
course of the experiment for 3 rats treated with 
the drug. During the 6-day control period prior 
to the first reserpine series, the mean ‘inflection 
ratios’ for all animals remained fairly stable at 
values around —.75, indicating a marked but not 
complete suppression of lever responding during 
the clicker presentations, as illustrated by figure 
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Fig. 7. Sample cumulative response curve for 
rat AA-26 showing the development of a stable 
conditioned suppression pattern on the 30-50% 
pain-shock-pairings procedure. The short offset 
sections of the curve mark the duration of the 3- 
min. clicker periods, with the straight arrows 
indicating clicker onset and the broken arrows 
indicating shock on the two trials when it was 
administered. 


7. Even when daily administration of 0.2 mg/kg 
reserpine was begun after the experimental ses- 
sion on the 6th day, little change in the strength 
of the conditioned ‘emotional’ response could be 
discerned for several days. After 3 or 4 days on 
the drug, however, some animals (i.e. rat AA-26, 
figure 9) began to show an increased rate of re- 
sponding during the clicker periods, even though 
the rate in the absence of the stimulus was actu- 
ally somewhat depressed in all animals as a result 
of the reserpine administration. And, indeed, 
within a week to 10 days on this repeated daily 
drug regime, all but one of the 6 rats in this group 
had begun to respond to the reserpine treatments 
in this fashion. The change in ‘inflection ratio’ 
values toward 0.00 during the first reserpine series 
indicated on figure 9 shows this drug effect on the 
conditioned ‘emotional’ response for 3 typical 
animals. The obvious variability in drug action 
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4 Fig. 8. Sample cumulative 
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time course is interesting and worth noting, how- 
ever, even though no ready explanation is avail- 
able. A few animals (i.e. rat AA-26, fig. 9) showed 
a relatively rapid, abrupt response to this drug 
dose, some (i.e. rat AA-382, fig. 9) showed a rela- 
tively slow and gradual response, others (i.e. 
rat AA-388, fig. 9), a slow but abrupt response, 
and still others (one rat, not shown), no response 
at all within a 14-day treatment period. 
Withdrawal of the drug during the control 
period of 7 days or more between treatment series 
resulted in a rapid reversion to the stable pre- 
treatment ‘inflection ratio’ values for all animals 
as illustrated in figure 9. When the second drug 
series was administered with a high initial 
reserpine dose (1 mg/kg), however, the effect 


10 15 20 25 » 35 40 
EXPERIMENTAL "ANXIETY" TRIALS 


reappeared somewhat more rapidly and abruptly, 
as indicated by the ‘inflection ratio’ changes to- 
ward 0.00 for the 3 rats shown on figure 9 be- 
tween experimental trials 29 and 32. As the 
reserpine dose was progressively reduced to 0.5 
mg/kg, however, and then continued at 0.1mg/kg 
(only half the chronic 0.2 mg/kg dose adminis- 
tered during the first reserpine series), a corre- 
sponding increase in the strength of the condi- 
tioned ‘emotional’ response was observed. For the 
3 animals represented in figure 9, the ‘inflection 
ratio’ values can be seen to revert rather abruptly 
to the pre-treatment values several sessions be- 
iore the daily 0.1 mg/kg reserpine treatments 
were discontinued. Either the chronic low dose of 
the drug was insufficient to prevent reappearance 
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of the conditioned ‘emotional’ response (main- 
tained throughout the experiment with the 30- 
50% shock pairings procedure), or some adapta- 
tion to the drug had resulted from the adminis- 
tration procedures utilized in this study. Of 
course, it is also possible that some interaction 
of combination of these two effects could ac- 
count for the observed changes. 

In the monkey, too, a repeated treatment 
course similar to that used with the rats was 
followed with essentially the same results. With- 
drawal of reserpine after the initial response was 
followed by the rapid and abrupt reappearance 
of the conditioned ‘emotional’ behavior, while 
readministration of the drug quickly brought 
back the lever pressing rate during presentation 
of the clicker stimulus. Again, however, some 
reduction in the magnitude of this effect was 
observed with repeated administration of the 0.5 
mg/kg chronic dose used during the second drug 
series, although a change in some of the pain 
shock contingencies makes this latter finding in 
the monkey somewhat difficult to interpret. Only 
one of the rats among this group of conditioned 
‘emotional’ response animals failed to show any 
significant change in the strength of the emotional 
response as a function of the two series of repeated 
reserpine doses. 

Although it is clear from these findings that 
behavioral changes following administration of a 
drug-like reserpine can be selectively measured 
in laboratory animals, the question of drug- 
specificity with respect to such evaluative meth- 
ods must also be carefully considered. Certainly, 
the preclinical utility of such techniques would 
seem to depend in some degree at least upon the 
possibility of differentiating one pharmacologic 
agent from another, or at least one group of agents 
from another group, specifying the distinguishing 
and defining behavioral properties of each. Un- 
fortunately, presently available data do not per- 
mit an extensive comparison of different drugs 
since emphasis has focused upon developing sen- 
sitive and reliable behavioral techniques for such 
psychopharmacologice assessment. At least some 
results obtained with amphetamine, however, 
using ‘emotional’ conditioning procedure identical 
to that described above, indicate that relatively 
specific drug-behavior profiles can be expected. 
Figures 10 and 11 show the behavioral effects of 
amphetamine (2 mg/kg) and reserpine (0.2 
mg/kg) upon the conditioned ‘emotional’ re- 
sponse pattern for rat AA-26 whose normal 
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Fig. 10. Sample cumulative response curve for 
rat AA-26 showing the effect of amphetamine 
upon the conditioned ‘anxiety’ response. The 
short offset sections of the curve mark the duration 
of the 3-min. clicker periods, with the straight 
arrows indicating clicker onset and the broken 
arrows indicating shock on the two trials when it 
was administered. 

Fig. 11. Sample cumulative response curve for 
rat AA-26 showing the effect of reserpine upon the 
conditioned ‘anxiety’ response. The short offset. 
sections of the curve mark the duration of the 3- 
min. clicker periods, with the straight arrows 
indicating clicker onset and the broken arrows 
indicating shock on the two trials when it was 
administered. 
saline baseline is illustrated in figure 7. Compar- 
ison of these curves reveals the critical rate 
changes which differentially characterize the re- 
sponse to each drug. Although reserpine, as we 
have seen, markedly depresses the lever pressing 
rate in the absence of the clicker stimulus, the 
rate is actually seen to increase during the 3-min- 
ute stimulus periods. In contrast, amphetamine 
produces an increase in the number of lever 
responses in the absence of the clicker stimulus, 
although the response rate in the presence of the 
stimulus shows a significant decrease. 


SOME RECENT DEVELOPMENTS 


Important though the selective sensitivity of 
such animal evaluation methods to specific drug 
effects may be, however, adequate assessment of 
the extent to which pharmacologic agents affect 
the various diverse facets of a behavioral reper- 
toire probably represents one of the most critical, 
yet poorly understood, aspects of pharmacother- 
apy. In the animal laboratory, concern with this 
problem has been reflected in the quest for tech- 
niques which provide maximum breadth or com- 
prehensiveness in an effort to develop complete 
behavioral profiles on both the ‘cognitive’ and 
‘affective’ consequences of a given drug action. 
For the most part, limitations imposed by such 
practical consideration as available time, man- 
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Fig. 12. Sample cumulative 
response curve, illustrating the 
performance of a monkey under 
multiple-schedule stimulus con- 
trol. 
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power and laboratory facilities have restricted 
the completeness of drug-behavior assays, even 
at the animal experimental level. Certainly, with 
the more traditional problem-box and maze-run- 
ning approaches to psychopharmacologic relation- 
ships, such comparative assay methods would be 
ill-suited to provide very extensive behavior pro- 
files within the lifetime of most pharmacologists, 
much less the lifetime of most drugs. 

Fortunately, the ‘continuous-process’ behav- 
ior sample elicitable in the ‘free-operant’ condi- 
tioning situation described above appears to offer 
some promise of a solution to this problem. By 
capitalizing upon the relatively precise control 
exercised over an organism’s behavior by the 
reinforcing consequences of that behavior and by 
the environmental stimuli present when such 
reinforcement contingencies are established, it 
now appears possible to develop a relatively broad 
spectrum of response patterns in the laboratory 
animal which can be quantitatively and opera- 
tionally identified and defined. In this way it 
should be possible to assess both the simple and 
complex discriminative capacities of the organism 
within the limits of an experimental situation 
that also provides a reliable estimate of general 
activity level, motor functioning and even sen- 
sory decrements. Figure 12, for example, illus- 
trates multiple schedule control of an animal’s 
behavior in such a lever-pressing situation with 
a monkey working for a sugared orange juice re- 
ward. The curve represents a cumulative record 
of the animal’s lever response throughout a 90- 
minute experimental session, with the number of 
bar presses indicated on the ordinate and the 
time on the abscissa. 


This animal has been trained to discriminate 
between 3 different colored lights (they could be 
any kind of discriminable sensory stimuli) as 
signals which indicate that a drop of orange juice 
is obtainable on one or another of 3 lever-pressing 
reward schedules. In one of these schedules (the 
Fixed Ratio indicated by ‘A’ in fig. 12), the 
animal receives the orange juice reward only after 
a fixed number of lever responses (i.e. 50) has 
been emitted, thus differentially reinforcing the 
high bar-pressing rates shown in the ‘A’ portions 
of the cumulative curve. On the second schedule 
(the Fixed Interval indicated by B in fig. 12), 
a lever response produces the orange juice reward 
only after a fixed interval of time (i.e. 10 minutes) 
has elapsed since the last reward. This contin- 
gency is seen to produce the scolloped-type curve 
illustrated in the B sections of the cumulative 
record. The animal shows virtually no responding 
in the early portions of the interval, and an accel- 
erating rate of bar pressing in the latter part of 
the period until the first response after the fixed 
10-minute interval produces the reward. And 
finally, the third schedule (the VI, DRL indi- 
cated by C in fig. 12) differentially reinforces low 
lever-pressing rates by providing for delivery of 
the orange juice reward only after an interval of 
time (i.e. 30 seconds) has elapsed since the last 
response. The slow, steady response rates shown 
in the C sections of the cumulative record develop 
when the contingencies of such a schedule re- 
inforce delayed bar pressing. 

Of course, the characteristic response patterns 
which develop for each of these different reward 
schedules typify the animal’s performances when 
each schedule is used alone. And the degree of 
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stimulus control in the multiple schedule situ- 
ation is apparent from the elicitation of the 
appropriate lever-pressing patterns by a specific 
visual stimulus independently of the order, se- 
quence or frequency of the stimulus presentation. 
Several published reports have now demonstrated 
the differential sensitivity of component behav- 
iors in such a multiple schedule to the selective 
action of such drugs as pentobarbital, meth- 
amphetamine and scopolamine (6-9), and a more 
precise analysis of dose-effect relationships, drug 
action time course and the like has now been 
undertaken. 

Most recently, it has been possible to develop 
an even broader baseline for the assessment of 
drug effects through the incorporation of aver- 
sive control techniques into multiple programs of 
this sort in addition to the various schedules of 
positive reinforcement. Figure 13, for example, 
illustrates one variation of such a multiple 
schedule program in which 15-minute cycles on 
one reinforcement contingency or another (indi- 
cated by different colored visual stimuli) alternate 
with 15-minute ‘off’ periods when no stimulus is 
present and no reinforcement contingencies are 
in effect. The curve shown in the figure represents 
a cumulative record of the animal’s lever re- 
sponses during each of the successive 15-minute 
periods throughout a 9-hour experimental ses- 
sion. The continuous 9-hour record has been 
divided into three 3-hour sections mounted in 
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rows on top of one another, with number of bar 
presses indicated on the ordinate and time on the 
abscissa. The small ‘pips’ along the base line for 
each 3-hour section of the record indicate the 
delivery of sugar pellet rewards to the animal on 
one of the reinforcement schedules. 

This animal has been trained in the primate 
chair, illustrated in figure 3, to press the lever 
available to him for two quite different purposes 
—to avoid shock and to obtain sugar pellets. 
During the first 15-minute portion of the record, 
shown in the A section of figure 13, a red flashing 
light is presented to the animal in the presence of 
which a brief shock to the feet is delivered every 
20 seconds unless the monkey presses the lever 
within the 20-second interval. The high rate of 
lever pressing developed by the animal during 
this 15-minute period when the red light is flash- 
ing (indicated by the A portions of the record in 
fig. 13) effectively prevents delivery of the shocks 
and constitutes well-established shock-avoidance 
behavior in response to the appropriate stimulus. 
At the end of that 15-minute period, the red 
flashing light and the shocks are terminated, and 
the animal has 15 minutes with no stimulus light 
during which lever responses are recorded but 
have no consequence for altering the monkey’s 
environment. The B sections of the record in 
figure 13 show that the lever pressing rate drops 
to a low, or in most cases zero level during these 
post-avoidance periods. After this 15-minute cycle 
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Fic. 13. Sample cumulative response curve showing the performance of a monkey (M-26) on a multi- 
ple avoidance-appetitive reinforcement schedule program. 
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in the absence of any signal light, a steady green 
light is presented to the animal in the presence of 
which sugar pellet rewards can be obtained by 
pressing the lever on a ‘fixed ratio’ schedule of 
reinforcement, as described above. During this 
period, the animal receives one sugar pellet for 
every 100 lever responses up to a total of 10 sugar 
pellet rewards. The step-wise curves shown in the 
C portions of figure 13 illustrate the monkey’s 
performance in the presence of the green light. 
The high rate of responding until 100 presses have 
been completed and a sugar pellet obtained, fol- 
lowed by a short break before starting the next 
100-response ‘run’, is quite characteristic of the 
behavior pattern which develops under such a 
schedule of reinforcement. Finally, after 10 sugar 
pellet rewards or 15 minutes in the presence of 
the green light, the cycle is terminated and the 
monkey receives another 15-minute period with 
no light stimulus and no sugar pellets (the D 
sections of figure 13). Then, the entire procedure 
starts again with the red flashing light and 15 
minutes of avoidance. During the 9-hour session 
on this procedure, shown in figure 13, the monkey 
is seen to perform in an appropriately character- 
istic and relatively stable manner through some 
36 of these alternating 15-minute cycles. 

The differential sensitivity of individual com- 


ponents of such a complex behavior pattern to 
selective drug activity is illustrated in figure 14 
along with some indication of a quantitative 
approach to time-course relationships for such 
behavioral effects. During this 6-hour session on 
a procedure similar to that described in figure 13, 
20 mg/kg of pentobarbital was administered 
interperitoneally to this same monkey approx- 
imately one hour after the beginning of the ses- 
sion at the point indicated by the arrow on the 
record. Within a few minutes, the effect of the 
drug had become apparent in depressing the rate 
of lever pressing in the presence of the red flash- 
ing light during the first 15-minute A cycle to 
follow injection. Although the rate continues to 
be appropriately depressed during the next B 
cycle with no light stimulus, presentation of the 
green light for 15 minutes during the next C cycle 
elicits the characteristic ‘fixed ratio’ pattern of 
lever pressing for sugar pellets. And, in fact, 
throughout the remaining 4 hours of the session, 
this 20 mg/kg dose of pentobarbital is seen to have 
only a mildly depressing effect upen the lever 
pressing rate in the presence of the green light for 
sugar pellet rewards although the effect upon the 
shock-avoidance response rate in the presence of 
the red-flashing light is quite dramatic. Inspec- 
tion of the A sections of the record shown in 
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figure 14 during the first 3 to 4 hours following 
administration of the drug reveals virtually com- 
plete suppression of the lever pressing rate in 
response to the red flashing light even though 
response to the green light was quite adequate 
throughout this same period. It should be pointed 
out that no shocks were administered to the 
animal during this period for failure to respond 
during the ‘red-light’ cycle. But the dramatic re- 
covery of the ‘shock-avoidance’ lever pressing 
rate in response to the red flashing light alone 
shown in the last A section of figure 14 after re- 
covery from the drug clearly indicates that the 
selective rate suppression was pharmacologically 
rather than environmentally induced. 

It should be obvious, of course, that any ade- 
quate description of drug-behavior interactions 
must provide some assessment of dose-effect rela- 
tionships, and even the complex behavior sample 
utilized in these studies permits of no exception. 
Although extensive efforts along these lines are 
only now beginning to appear, at least some indi- 
cation of the orderliness to be expected from such 
an analysis is seen in figure 15. Here, 25 mg/kg 
of pentobarbital has been administered inter- 
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peritoneally to this same monkey on the same 
multiple behavior program after several days of 
control sessions without drug. Again, adminis- 
tration of the drug approximately one hour from 
beginning the session is seen to produce a de- 
pressing effect upon the lever pressing rate during 
the very first A cycle with the red flashing light 
only a few minutes after injection. Unlike the 20 
mg/kg dose, though, 25 mg/kg of pentobarbital 
is seen to completely suppress all the animal’s 
behavior, including response to the green light 
for sugar pellet reward, for a period of 5 to 6 hours. 
Interestingly however, when the effects of the 
drug do begin to wear off, lever pressing in the 
presence of the green light for sugar pellets (the 
C portions of the record in figure 15) is seen to 
recover well before lever pressing in response to 
the red flashing light (the ‘shock-avoidance’ pat- 
tern indicated by the A portions of the figure). 
As a matter of fact, even 12 hours or more after 
administration of this 25 mg/kg dose of pento- 
barbital, the ‘shock-avoidance’ lever pressing rate 
in the presence of the red flashing light has not 
fully recovered to the relatively high preinjection 
control rate shown in the first A section on figure 
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Fig. 15. Sample cumulative response curve showing the effect of 25 mg/kg pentobarbital on the be- 


havior baseline illustrated in fig. 13. 
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15. The possibilities for a careful analysis not only 
of dose-effect but also time course relationships 
through the medium of such animal experimental 
evaluation methods are now beginning to appear 
ever more promising. 

Among the many remaining experimental ques- 
tions in this area the answers to which must in- 
evitably determine the place of animal evaluation 
techniques in the assessment of pharmocologic 
effects upon behavior and the nervous system, 
perhaps none is more frequently posed or more 
inadequately answered than that concerning the 
general applicability or relevance of these meth- 
ods to the understanding of such relationships at 
the human level. Although there would seem to 
be little rational basis for more concern in this 
area than in any other biological realm involving 
extrapolations from one phylogenetic level to an- 
other, we cannot fail to recognize the essentially 
empirical character of this problem. Although 
some assumptions about the existence of orderly 
and systematic relations between operationally- 
defined behavioral principles at any phylogenetic 
level appear reasonable and even necessary, it is 
abundantly clear that our initial efforts must be 
concerned with the careful description and defi- 
nition of psychological phenomena at selected 
levels before a fruitful relational analysis can be 
undertaken. For a decade or more, the experi- 
mental analysis of behavior in various subhuman 
species has led to the development of precise and 
reliable auimal evaluation methods of the type 
described and illustrated above. More recently, 
the application of these techniques to both the 
laboratory and clinical investigation of human 
behavior (10, 11) promises to facilitate the tran- 
sitional steps by providing refinements in human 
behavior assessment techniques which permit 
empirical comparative relationships at both the 
clinical and experimental level to appear in re- 
liable form. 

The general applicability of these techniques, 
developed in the animal laboratory, to the evalu- 
ation of pharmacologic effects upon human be- 
havior is presently under investigation in at least 
three separate laboratories, and the results thus 
far obtained appear encouraging, to say the least. 
Drs. O. R. Lindsley, B. F. Skinner and H. C. 
Solomon of the Behavior Research Laboratory at 
Metropolitan State Hospital, Waltham, Massa- 
chusetts, have been studying the behavior of a 
hospitalized psychiatric population over the past 
few years utilizing the general principles embod- 
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ied in the application of ‘operant conditioning’ 
methods as described above. Within this frame 
work, it has been possible to develop relatively 
stable behavior baselines, using several reinforce. 
ment schedules, not only for various psychiatrig 
syndromes, but for a healthy normal population 
as well. Against these baselines, work has now 
begun toward an analysis of the behavioral 
changes related to drug administration, partic. 
ularly in the clinical psychiatric groups. In closely 
related work with a normal human population, 
Dr. Peter Dews and Dr. William Morse of the 
Pharmacology Department, Harvard Medical 
School, have undertaken to analyze the effects of 
pharmacologic agents upon certain temporal and 
discriminative aspects of behavior through the 
medium of some of the reward scheduling tech. 
niques. Specifically, variants of the ‘VI, DRL’ 
schedule, described above in connection with 
figure 12, which differentially reinforces low re- 
sponse rates by providing for the delivery of the 
reward for a response, only after an interval of 
time has elapsed since the last response, have 
been found quite sensitive to the analysis of 
differential drug effects in a medical student pop- 
ulation. Finally, Dr. Donald Bullock at the Psy- 
chological Service, Institute of the Pennsylvania 
Hospital in Philadelphia, has initiated an assess- 
ment program involving certain of the tranquil- 
izing drugs with psychiatric patients studied via 
a ‘multiple schedule’ approach very similar to 
that described above. Using both ‘fixed interval’ 
(reward delivered for a response made only after 
a fixed interval of.time has elapsed since the last 
reward) and ‘fixed ratio’ (reward delivered only 
after a fixed number of responses has_ been 
emitted) reinforcement schedules. Dr. Bullock 
has begun to analyze some operationally defin- 
able behavior effects following the administra- 
tion of some of the ‘milder’ tranquilizers in the 
meprobamate class. Clearly, the first transpo- 
sition steps have been taken from the animal 
experimental laboratory to the use of operant 
behavior methods for a more refined analysis of 
drug effects at the human level. 
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INTRODUCTION 


LorREN D. CARLSON 


From the University of Washington, School of Medicine, Seattle, Washington 


. ee SYMPOsIUM will discuss the manner in 
which animals adapt or adjust to cold environ- 
ments. Adaptation, briefly defined, means to 
render fit. In the biological sense, it has acquired 
varying significance from the action of adaptive 
enzymes to a specific psychophysiological defini- 
tion as a change of quality of a sensation caused 
by prolonged or repeated stimulation. If we con- 
sider adaptation as an advantageous conforma- 
tion of an organism to changes in its environment, 
then it is synonymous with acclimatization. The 
use of three terms—genotypic adaptation, natural 
environmental acclimatization and experimental 
acclimation—in restricted senses, has been sug- 
gested (1), but adaptation and acclimatization 
continue to be used interchangeably. Perhaps we 
should maintain the general definition of adapta- 
tion and use specific qualifications. It seems ac- 
ceptable to assume, as Bazett (2) has stated, that 
adaptation to cold environments requires a long 
time—days, weeks or months. Initial responses 
to cold exposure may be modified by adaptation. 
Thus, the peripheral vasoconstriction occurring 
during initial exposure may be altered in adapta- 
tion. The extent of shivering may change, the re- 
quirement for a hormone such as thyroxin may 
increase, or the response to hormones may change. 

Physiological adaptation, which accounts for 
but a small part of man’s conquest of cold cli- 
mates, appears to a greater degree in other ani- 
mals, and may be divided into two major cate- 
gories: an insulative change and a metabolic 
change. The former is a conservation mechanism 
to provide homeothermy. The two categories are 
interrelated in that the use of body tissues as 
insulation (effected by vasoconstriction) lowers 
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the temperature and metabolism of a significant 
volume of the body. It undoubtedly involves 
muscle tissue in the manner Bazett (2) has 
described as the heater exchanger function of the 
circulatory system. Indeed, Burton and Bazett 
(3) observed the first recorded example of the 
change in body insulation as the seasons changed, 
a phenomenon we (4) later found in field studies 
and described as a reduction in the metabolic 
contribution io heat production at any given 
average skin temperature. This analysis has not 
been completely understood by other workers, 


but it is obvious that exercise or shivering will: 


destroy tissue insulation by increasing circulation 
and raising the temperature of peripheral areas. 
Reduction in the temperature of peripheral 
tissues and reduction or restriction of the size of 
the central metabolizing core occur in various 
degrees in animals. Many problems in explaining 
the role of the circulation in the conservation of 
heat were clearly understood by Bazett (2). They 
are distinct from the insulative covering provided 
by fur or clothing. 

The emphasis in this discussion will be on 
metabolic alterations. The first three speakers 
will describe the adaptive changes in man and 
animals. The inclusion of hibernating animals 
represents an extreme, yet there are now interest- 
ing comparisons with the cooling of tissues and 
slight reduction of core temperature under cer- 
tain circumstances with homeotherms. Since 
these discussions probe for the basic mechanisms 
and control of metabolism, they introdtice the 
question of the primary, mechanism. D: e 
neural initiation of shivering draw the humoral 
elements into function?/Are there shifts in the 
control of heat production? Can metabolic 
pathways become more responsive to control 
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mechanisms? Are there common mechanisms in 
the control of augmented metabolic activity 
under conditions as diverse as exposure to cold 
and exercise? 

Since the investigations of metabolic changes 
in cold exposure strike at the critical biochemical 
and endocrine mechanisms involved in the 
control of metabolism, we have invited two 
speakers to comment on the presentations with 
the wisdom of the biochemist and the endocrinolo- 
gist. 
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METABOLIC ALTERATIONS DURING CHRONIC EXPOSURE 
TO COLD! 


J.S. Hart 
From the Division of Applied Biology, National Research Laboratories, Ottawa, Canada 


a. CENTRAL FEATURE in studies on exposure 
of laboratory animals to cold is an increased 
energy expenditure. When the exposure is for 
prolonged periods, certain metabolic alterations 
have been observed that are associated with the 
chronically increased heat production. The proc- 
ess of gradual metabolic change, which will be 
termed ‘metabolic acclimation’ or simply ‘accli- 
mation’ to cold, had been a general finding among 
workers in this field of physiology. It will be the 
purpose here to deal with the metabolic altera- 
tions which are for the most part confined to the 
artificial test conditions of constant cold in the 
laboratory. Processes which tend to gradually 
modify heat loss through insulative cooling of 
tissues (1, 2) or increased pelage (3, 4) have not 
been prevalent under laboratory conditions and 
will not be considered here. In this review of 
metabolic acclimation it will not be assumed that 
this is a dominant feature in nature. These 
studies will be viewed principally as contributions 
to our knowledge on the alteration of cellular 
metabolism by cold environments. It is only 
possible to touch on some of the highlights of the 
metabolic changes which have been dealt with 
extensively by other reviewers (5-9). 

General Metabolism. One of the most clear-cut 
alterations in general metabolism is the develop- 
ment of a greater capability of the chronically 
exposed animal to produce heat. The increased 
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resistance (10-13) to lethal cold stress acquired 
by various species during acclimation to cold has 
been linked by Sellers et al. (12) to the develop- 
ment of an enhanced capacity to continue pro- 
ducing heat at a high rate and to a greater utiliza- 
tion of available energy reserves. 

Gradual alterations in general metabolism 
leading to increased cold resistance, which have 
been found in several mammalian species (14-20), 
are summarized in figure 1. In addition to an 
immediate increase of metabolism with lowering 
temperature, most species exposed for several 
weeks to cold have a greater metabolic rate, 
measured at any temperature, than the controls. 
The increase in basal metabolism (BMR) at 30°C, 
observed by many workers, may be regarded as 
one aspect of this increase. However, with re- 
spect to increased cold resistance, the most 
important modification of heat production may 
be seen at the lowest test temperatures at which 
there may be divergence of the curves (fig. 1-1 
and 1) or extension of the curves for equal 
survival times (fig. 1-vim), with higher maximal 
observed rates occurring in cold-acclimated ani- 
mals. These results have been summarized in 
greater detail elsewhere (21). 

The metabolic effects observed at the lowest 
test temperatures are confounded by the length 
of time taken for the tests as shown by data of 
Depocas et al. (22) in figure 2. In rats maintained 
in a room at 30°C, lethal effects are observed 
when they are moved to temperatures no lower 
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Fig. 1. Temperature-metabolism curves of mammals acclimated to warm (@) and cold (©) tempera- 
tures. Encircled numbers give means of body temperature. Data from Gelineo for dog (14), rabbits 
(15), brown rats (16) and spermophiles (17). Data from Krog et al. (19) for Norway rats, from Kayser 
(18) for dormice and from Hart (20) for deer mice. Lio and L3 are 200-min. survival limits for mice ac- 
climated ‘to 10° and 30°C, respectively. Figure modified from Hart in Rev. canad. biol. (21). 


than 0°C. All temperatures below this are ulti- 
mately lethal for the warm-acclimated rats, but 
the time to death becomes progressively shorter 
as the temperature decreases (13). At tempera- 
tures below —10°C survival is so attenuated that 
hypothermia and decline of metabolism occur 
during the tests (22). Consequently at a given 
temperature, the average metabolic rate depends 
on the duration of measurement; the shorter the 
duration, the higher the rate. The ‘peak meta- 
bolic efforts’ (a term? denoting the highest rate of 
which a group of rats is capable) occurred in 
30°C-acclimated rats in tests lasting 3-20 minutes 
in the —25° to —35°C range. At these tempera- 


2 This term is analogous to ‘summit metabolism’ 
of Giaja, but is more precisely delimited by the 
shorter duration of measurement with fast re- 
sponse apparatus (23). 


tures rats acclimated to 6°C are not only capable 
of maintaining homeothermy for much longer 
periods but are capable of a greater metabolic 
effort. From Krog’s data (fig. 1-rv) peak meta- 
bolic rates for cold-acclimated rats would occur 
at temperatures about 20°C lower than would 
those for warm-acclimated rats, while those for 
wild rats would occur at still lower temperatures. 

The time course of change for some of the 
metabolic functions during the first weeks of ex- 
posure of rats to cold is shown in figure 3. Follow- 
ing an immediate doubling of metabolic rate 
after first exposure to 1.5°C, a gradual increase 
occurs over the next few weeks (24). This increase 
may show a secondary decline after longer periods 
of exposure (25). The metabolic rate measured 
at 30°C (MR 30) also shows a gradual increase. 
The metabolic rate changes are accompanied by 
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Fic. 2. Metabolism of white rats in relation to 
environmental temperature, acclimation tempera- 
ture (AO, 6°C; & @, 30°C) and duration of meas- 
urement (AA). Tests lasting from the 3rd to the 
30th min. of exposure conducted with fast-re- 
sponse apparatus; remaining tests with conven- 
tional open circuit apparatus. From Depocas et al. 
in J. Appl. Physiol. (22). 


a gradual increase in food consumption (25, 26) 
and a check in growth (25-28), which is confined 
chiefly to skeletal muscle (29). Deer mice, like 
rats, do not immediately adjust food intake and 
body weight to changes in environmental temper- 
ature but require a period of acclimation (30). 
During the period of readjustment of energy 
balance there is a progressive increase in survival 
at lethal cold in rats (12) and in white mice (31) 
and a progressive increase in resistance to body 
cooling (32). The gradual nature of the change in 
cold resistance of rats is illustrated in figure 3. 
Other important changes linked with the 
stepped-up energetics of chronically exposed rats 
are an increased nitrogen excretion (33, 34), in- 
creased glucose absorption from the intestine (35), 
increased blood volume (36, 37), and increased 
central (19, 24, 32) temperature. Increased 
peripheral temperatures of rats and rabbits have 
also been observed (7). Concomitant increases of 
vascularity of ears of rats (38), peripheral vaso- 
dilation in rats (39), enhanced resistance to cold 
injury in rats and rabbits (10), reduction of sub- 
cutaneous fat (40) and pelt weight (29) in rats, 
and the general reduction of over-all insulation in 
most species (21) signify the wasteful aspects of 
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metabolic acclimation in which metabolic energy 
is used in the establishment of enhanced periph- 
eral heating. 

Tissue Metabolism. The gradual increase in 
resting metabolism at neutral temperatures in 
various species chronically exposed to cold indi- 
cates increase of oxidative metabolism of the 
tissues. Various studies (41-45) have been made 
to assess which tissues are involved in this proc- 
ess. It has been found that after exposure of rats 
to cold the oxygen consumption (Qo») of liver 
(41-45), liver succinoxidase activity (41), and 
Qo: of diaphragm, heart and skeletal muscle were 
elevated but not the Qos of thymus, testis, brain, 
spleen, smooth muscle and lung (43, 44). It is 
significant that skeletal muscle as well as visceral 
tissues are implicated in these changes. The alter- 
ations observed for liver Qo: of rats after different 
lengths of time in cold are summarized in table 1. 
Although the Qos may be elevated after short 
exposure to cold (41), there is a tendency for a 
gradual increase following the change in BMR 
over the first 4 weeks exposure (45). This increase 
is followed by a subsequent decline after longer 
periods. 

Heat Production Mechanisms. The sources of 
heat and the mechanism of cold thermogenesis 
have been the subject of research and speculation 
for many years. Two modes of heat production 
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Fia. 3. Change in metabolic function with dura- 
tion of exposure to cold in rats. Illustrated, from 
top to bottom, are: percentage increase in meta- 
bolic rate, above that of rats not exposed to cold 
(data from Sellers and You, 24); food intake (data 
from Cottle and Carlson, 25); growth of rats at 
30° and 1°C; cold resistance at —26°C of rats 
moved from 6°C (Héroux, unpublished data). 
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TABLE 1. LIVER 02 CONSUMPTION (Q02) OF MALE RATS IN COLD EXPRESSED AS PERCENTAGE 
OF INCREASE OVER CONTROLS 
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Strain and Age of Animals 





Wistar (41)* 

10-14 weeks 

Wistar (41) 

S-D. Holtzman (43, 
44) 

6 weeks 

10-14 weeks 

6 months 

S-D (45) 

8-10 weeks 


25 12 12 


* Reference number of source of data. 





have generally been recognized—gross muscular 
activity and shivering. Of the two, voluntary 
motor activity appears to be relatively unsuit- 
able in the cold when the end product desired is 
heat. because a) voluntary activity cannot be 
chronically sustained, b) energy is converted to 
mechanical work, and c) voluntary activity re- 
duces body insulation thereby sustaining a large 
metabolic cost to derive a gain in stored heat (46). 
Shivering and ‘thermal muscular tone,’ long 
recognized as the principal factor in cold thermo- 
genesis are 100% efficient for heat production since 
no mechanical work is done (6, 47). A third form 
of cold thermogenesis, increased heat production 
without muscular contraction, has been discussed 
since the time of Rubner (48). The existence of 
nonshivering thermogenesis (chemical regulation) 
has been: doubted because of the difficulty of 
demonstrating, under normal circumstances, an 
elevation of oxygen consumption in the cold 
without shivering (6, 49). However, in the older 
literature (5, 50) evidence was presented suggest- 
ing increased nonshivering thermogenesis in cold- 
exposed curarized or ‘spinal’ animals. This idea 
has had support from the classical work of Can- 
non et al. (51) and from the work by Morin (52) 
on the calorigenic action of adrenaline secretion 
during exposure of animals to cold. More recently, 
Davis and Meyer (53) indicated that 40% of the 
total heat production of normal rats exposed to 
cold was due to nonshivering thermogenesis. 
Renewed interest in chemical regulation de- 
veloped following the demonstration by Sellers 
et al. (54) that there is a reduction in shivering 
accompanied by increased production of heat in 
rats during chronic exposure to cold. It was sub- 
sequently found by Héroux et al. (55) and Hart 
et al. (56) that an approximate doubling of me- 


Days in the Cold (1°-5° C) 
11-14 





8 10 14 26 28 42-63 84 Months 
11 
28 
43 
27 6 
10 


19 28 15 9 





tabolism of cold-acclimated rats could take place 
without shivering while warm-acclimated rats 
showed pronounced shivering in the cold. In con- 
formity with this, Cottle and Carlson (57) ob- 
served a doubling of metabolism at 5°C in cold- 
acclimated rats paralyzed by curare, a feat not 
possible for rats previously kept at 28°C (fig. 4). 

This striking demonstration of acquired heat 
production without muscle contractions during 
acclimation to cold has not been found in any 
other species. Change in pattern rather than in 
magnitude of shivering has been stressed in rab- 
bits (58). In pigeons, Steen and Enger (59) found 
that acclimation to cold took place without re- 
duction of shivering. The breast muscles in this 
species were shown to be one of the principal 
sources of heat production in the cold. In con- 
formity with these observations, we have found 
that winter-acclimatized birds were unable to 
respond to cold or to the calorigenic hormone 
noradrenaline after they were paralyzed by cu- 
rare (Hart, unpublished observations). 

While the existence of a true chemical regula- 
tion of metabolism in rats can no longer be 
doubted, the precise origin of the heat production 
is still undefined. One of the chief problems now 
is whether it can occur outside of visceral tissues, 
i.e. in skeletal muscle itself, as suggested in the 
early literature (50). As previously noted from 
in vitro studies, skeletal muscle as well as visceral 
tissues have been implicated in the elevated 
BMR of cold-acclimated rats. Visceral tissues, 
particularly the liver, have sometimes been con- 
sidered the principal heat sources in nonshivering 
thermogenesis. The evidence is based chiefly on 
the finding of higher hepatic temperatures (60- 
62) or on faster change in central temperature 
than in muscle temperature during changes in 
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Fic. 4. Metabolic response of curarized rats to lowered ambient temperature. Mean oxygen consump- 
tion and rectal temperature of each group along with ambient temperature is plotted as ordinate; min- 
utes before or after cooling on abscissa. Standard deviation indicated by vertical lines (from Cottle 


and Carlson, 57). 


energy metabolism (63, 64). On the other hand, 
Lyman and Chatfield’s (65) observation that 
curarized hamsters could partly rewarm from 
hibernation even when functionally eviscerated, 
indicates important sources of nonshivering 
thermogenesis outside the visceral tissues. Fur- 
ther support for this view comes from the obser- 
vation of Depocas (66) that functionally eviscer- 
ated cold-acclimated rats could increase their 
heat production by approximately the same 
amount as controls, and that curarization of these 
eviscerated rats did not lower the metabolism in 
the cold to pre-exposure levels (fig. 5). 
Hormonal Control. A considerable amount of 
attention has been directed towards the hormonal 
regulation of the metabolic response to cold, 
which will be summarized here in relation to 
nonshivering thermogenesis and acclimation. In 
particular, the role of the thyroid has been 
stressed in the elevated BMR of animals chroni- 
cally exposed to cold. A convincing body of evi- 
dence has been accumulated to show that thyroid 
activity is increased in rats (67-70) and guinea 


Rerrres 


pigs (71) during exposure to cold. While most 
studies indicate increased activity, it has been 
shown that thyroidectomized rats could be 
maintained in the cold with minimal amounts of 
thyroxine (24, 72) and that elevated BMR (24) 
and elevated tissue Qos were less but still present 
under these circumstances (43). These observa- 
tions, when viewed with the unsuccessful at- 
tempts at artificial cold acclimation with the 
hormone (12), and with the capability of thy- 
roidectomized curarized rats to respond to cold 
(73), show that the chemical regulation of 
metabolism in cold-acclimated rats is not entirely 
dependent on the thyroid gland. 

It is known from the work of Schaeffer and 
Thibault (74) and Thibault (75) that the thyroid 
hormone has a pronounced influence on the 
calorigenic effect of adrenaline, which may be 
greatly reduced (74) or absent (76) in the absence 
of thyroid secretion. Ring (77) and subsequently 
Hsieh and Carlson (78) showed that chronic 
exposure of rats to cold brought about an in- 
creased calorigenic effect of adrenaline through 
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Fic. 5. Average oxygen consumption, muscle electrical activity, and rectal temperature of barbital- 
anesthetized rats at 30°C(average values of all similarly acclimated rats given for interval 10-45 min.) 
and at 6°C after evisceration (EV) of groups 1 and 3 and sham operation (SO) of groups 2 and 4. First 
arrow indicates time of evisceration or transfer to cold room or both. Second arrow indicates time of 


curarization of all animals (from Depocas, 66). 


the increased: thyroid activity and the synergistic 
relationship between thyroxine and adrenaline 
(76). Hsieh and Carlson (73) suggest this as a 
mechanism by which the potential for chemical 
regulation could be increased in the cold-accli- 
mated rat, but also point out that the potential 
for chemical regulation in athyroid rats excludes 
this as the only mechanism. These authors then 
made the important discovery (78) that /-nora- 
drenaline has a pronounced calorigenic effect in 
curarized cold-acclimated rats that is absent in 
warm-acclimated animals (fig. 6). The similarity 
in magnitude of the calorigenic response to that 
in cold exposure and the absence of hyperglycemia 
led them to suggest noradrenaline as the mediator 
in chemical regulation of heat production. This 
group of workers also found (79) that certain 
adrenolytic and nerve blocking agents prevented 
the increased nonshivering thermogenesis of rats 
exposed to cold. The findings support the view 
expressed in the older literature (5) that the sym- 


pathetic nervous system, including the adrenal 
medulla, is important in the mediation of non- 
shivering thermogenesis. It is significant that 
Keller (80) holds that separate areas of the hypo- 
thalamic gray cells serve as centers for shivering 
and nonshivering heat production in dogs. 

In addition to the thyroid and the adrenal 
medulla, the adrenal cortex, long recognized as 
necessary for life, apparently undergoes changes 
in secretory activity during exposure to cold. 
While increased cortical function during early 
exposure to cold has been indicated by the deple- 
tion of ascorbic acid and cholesterol (81, 82). 
Héroux and Hart (83) have observed that the 
amount of cortical hormone required after accli- 
mation to cold was not elevated above that 
required by controls at a neutral temperature, in 
agreement with earlier results of Sellers et al. 
(84). The eosinophil response to injected ACTH 
(Thorn test) followed a pattern suggesting in- 
creased activity after 3 weeks in the cold with 
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low activity during earlier and later periods of 
exposure (85). A considerable cold acclimation is 
possible in rats without adrenals (86). The work 
of Nicholls and Rossiter (87, 88) confirms and 
extends the results of Héroux by showing that 
P® incorporation into various compounds in the 
adrenal increased during first exposure to cold 
and gradually declined as exposure was prolonged. 
These workers believe that the adrenal function 
returns to normal after chronic exposure of rats 
to cold. 

In reviewing the endocrinological changes dur- 
ing acclimation to cold, Desmarais (27) has sug- 
gested the existence of a quantitative relation be- 
tween thyroid, cortical hormones and ascorbic 
acid. The latter compound has been demon- 
strated by Dugal and co-workers to be of great 
importance in resistance and acclimation to cold 
(89-91). The significance of increased ascorbic 
acid metabolism (91, 92) in the metabolic altera- 
tions during chronic exposure to cold has not 
been assessed. 

The various endocrinological changes occurring 
during exposure and acclimation to cold in rats 
are summarized in the upper panel of figure 7. 
The data for the thyroid are based mainly on 
results of Carlson and co-workers (69, 70). The 
rapid increase in activity during the first part of 
cold exposure is based on data of Bailly (93). The 
P® incorporation into inorganic P of the adrenal 
(87, 88) suggests an inverse relation between 
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thyroid and adrenal function during acclimation 
as discussed by Desmarais (27). It is not certain 
that the activity of the adrenal medulla continues 
at a high level throughout acclimation to cold. 
Desmarais and Dugal (39) demonstrated a 
tendency for both adrenaline and noradrenaline 
content of the adrenal to increase during accli- 
mation, which observations are now relevant to 
the increased calorigenic action of these sub- 
stances (78) during the development of nonshiver- 
ing thermogenesis. The time course of change in 
chemical regulation of metabolism during accli- 
mation to cold in rats, suggested in the lower 
panel of figure 7, is based on changes in shivering 
observed by Hart et al. (56), which are in con- 
formity with results of Johnston et al. (94). Al- 
though the time course of the changes of the 
various metabolic components in figure 7 are not 
identical, they are all considered to be closely 
interdependent. 

Intermediary Metabolism. The various changes 
discussed above are considered to be linked to 
alterations in intermediary metabolism during 
acclimation to cold but here there are only a few 
clues to offset the very large deficiencies in our 
knowledge. A promising field for further research 
lies in the mode of action of thyroxine and other 
calorigenic hormones during chronic exposure to 
cold. There is the possibility that thyroxine, by 
uncoupling of oxidations from phosphorylations 
(95, 96), would dissociate the heat-producing from 











sof Fig.? 
THYROID 
a0. -_ 
100F ADRENAL 
ef/——— — — — -— — — — — -— -— - ? MEDULLA 
50- 
ADRENAL 
L PPE se 1 nf ecahn 
0 
100; Bae, - mM 
SHIVERING MUTT HH ee 


PRODUCTION 






|| | NON—SHIVERING 

| THERMOGENESIS | 

| ii LLP 

mT Ht 

FUUCUGU THUUUCUCNT GUOUOUENE TECUEOG 

te) 5 10 iS 20 23 
DAYS IN COLD 















i n 
30 «(35 


Fia. 6. Effects of l-noradrenaline, 0.2 mg/kg, on the O2 consumption and rectal temperature of cold 





acclimated rats (@) and warm-acclimated rats (0). Experiments were conducted at 30°C + 1°. /-nor- 
adrenaline was injected intramuscularly at the point indicated by the arrow. Vertical bars indicate the 
standard deviation. Each point represents the mean of 4 exps. (from Hsieh and Carlson, 78). 

Fig. 7. Top, summary of endocrinological changes during acclimation to cold. Bottom, shivering and 
heat production through nonshivering thermogenesis. Ordinate, percentage increase over control rats 
not exposed to cold. Data on thyroid from Cottle and Carlson (69) using the biological half-life of [1+ 
(@) and from Woods and Carlson (70) using the thiouracil-thyroid weight method (©). Data on adrenal 
cortex from Nicholls and Rossiter (87, 88) for P* incorporation into inorganic P. Data on shivering from 
Hart et al. (56). 
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the work-producing mechanism and hence would 
partly account for the development of heat pro- 
duction without shivering. Some evidence for the 
uncoupling of oxidation from phosphorylation in 
liver of rats after chronic exposure to cold has 
recently been obtained (97). 

The increased energy metabolism brought 
about by exposure of animals to cold leads to 
the conclusion that increased oxidation of pro- 
teins, carbohydrates or fats must occur. A para- 
mount question is whether the substrate oxidation 
is merely stepped up quantitatively or whether 
there is a ‘preferential’ utilization of particular 
pathways. The idea of preferential utilization of 
fats, suggested by studies of the respiratory 
quotient of animals exposed to cold (98) has had 
further support from the work of Pagé and co- 
workers (99-101). These studies, which are re- 
viewed elsewhere (102), indicate alterations in fat 
metabolism in cold-acclimated rats. Other per- 
tinent observations have been made. Hyperlipo- 
tropic diets did not produce fatty livers in rats 
kept in the cold in contrast to control animals 
(103). Masoro et al. (104) have recently demon- 
strated decreased hepatic lipogenesis of rats 
exposed chronically to cold. No alteration in 
hepatic carbohydrate metabolism was noted. The 
stimulation of fasting ketosis by a cold environ- 
ment, reported by Scott and Engel (105), was 
absent when the rats were kept chronically in 
the cold. This finding may have been due either 
to depletion of fat stores or to an alteration in 
fat metabolism. 

Evidence for alteration in carbohydrate me- 
tabolism during acclimation of rats to cold has 
been presented by Baker and Sellers (106), who 
observed an enhanced response of blood sugar to 
insulin injections. Recently, Depocas et al. (107) 
found a lower percentage oxidation of injected 
glucose in cold-acclimated rats exposed for 244 
hours to —5°C than in controls, and a greater 
retention of the isotope in complex body fractions 
(not fatty acids). The incorporation of labeled 
glucose carbon into muscle glycogen was greater 
in cold-acclimated animals. Alteration in anerobic 
glycolysis of liver slices during chronic exposure 
of rats to cold has been recently observed by 
Hannon (45). 

These observations, taken with the other 
metabolic alterations during acclimation to cold 
indicate the probability of extensive changes in 
intermediary metabolism. It is here that our 
knowledge is most deficient but it is from research 
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in this area that will come an eventual under- 
standing of the control of cellular metabolism 
through the environmental temperature stimulus, 
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STUDIES ON MAN EXPOSED TO COLD 


P. F. ScHOLANDER! 


From the Institute of Zoophysiology, University of Oslo, Oslo, Norway 


W. HAVE JUST HEARD Dr. Hart discuss the 
large amount of knowledge which has been 
gathered regarding acclimation to cold in animals. 
Cold hardiness is a spectacular feature of northern 
species, and it can be readily induced in some 
laboratory animals. In both cases a great deal is 
known about the physical and _ biochemical 
processes which produce this acclimation. 

Certainly no less effort has been put into the 
study of man, but here the experimental evidence 
for general cold acclimation which has been 
produced so far has been largely negative (1). 
And yet we cannot escape from the fact that most 
observers are unwilling te accept such a conclu- 
sion as final. It is known that the local blood cir- 
culation is improved in the hands of Eskimos (2) 
and fishermen, but this cannot be the whole story. 
The Yaghan Indians, for instance, lived naked 
through the slush and snow of the stormy winters 
in Tierra del Fuego, and the Australian aborig- 
inals slept naked on the ground through the 
frosty winter nights. Their reactions to cold 
surely could not have been the same as ours. Or 
to take a more familiar example, many of us here 
have experienced on camping trips that the chill 
and sleeplessness which may torment us during the 
first few nights may pass over into a warm rest 
and sleep later on. 

I shall limit my discussion to physiological as- 
pects of the adaptation of man, so we must de- 


1 With the collaboration of H. T. Hammel, 
University of Pennsylvania; J. S. Hart, National 
Research Council, Canada; K. Lange Andersen, 
Norwegian Air Force Institute of Aviation Medi- 
cine; D. H. LeMessurier, University of Adelaide; 
Y. Lgyning, Norwegian Navy Medical Office; and 
J. Steen, University of Oslo. 


prive him of clothing and housing, and take him 
as a naked species. As such, white man has a 
critical temperature of about 27°C, that is he 
shares with the tropical animals an extremely 
narrow zone of thermoneutrality. 

The question before us is to what extent is it 
possible for man to adapt to a situation below 
his critical temperature and by what criterion 
can we judge that successful adaptation has 
taken place. Certainly rest and sleep are very 
fundamental biological requirements and we can 
well say that a man or beast is not successfully 
adapted to his thermal environment unless he can 
sleep and rest in it. Naturally, for other purposes, 
other criteria may be more relevant. A military 
investigator may be more interested in the 
adaptive changes which may take place in a foot 
soldier standing on sentry duty at —40°C wear- 
ing full Arctic uniform and sleeping every night 
in overheated barracks, but this situation does 
not represent the simple conditions of stress by 
cooling which I am discussing. 

During the last few years we have studied two 
situations experimentally, namely, the results of 
cold exposure during camping (3) and the physio- 
logical response to cold in naked Australian 
aborigines (4). In both cases we have considered 
the men successfully adapted when they were 
able to rest and sleep during an exposure to cold 
which lasted throughout the night. 

In the autumn of 1957, 8 Norwegian students, 
wearing essentially summer clothing were left to 
hunt and fish in the Norwegian mountains above 
tree line. They were asked to rough it as much as 
possible. Although we had no control over the 
amount of exercise they took in the daytime, 
they were subjected every night to a cooling stress 


100F 


20 





ee 

0 
Fru 

night 


wegis 
metal 


of a 
sever 
in an 
cold 1 
shive 
same 
enous 
overc 
obtail 
blank 
an en 
Th 
boys 
notict 
night, 
gradu 
sleep 
They 
to shi 
take « 
At 
came 
tablis 
were | 
the s 








me 17 


PANA- 
ology 
m. Ja 


HART, 


e him 
has a 
is he 
omely 


t is it 
below 
terion 
1 has 
very 
e can 
sfully 
1e can 
poses, 
litary 
1 the 
a foot 
weal: 
night 
— does 
ss by 


d two 
its of 
hysio- 
ralian 
dered 

were 
9 cold 


dents, 
eft to 
above 
ich as 
or the 
time, 
stress 





December 1958 


WHITE 


= RMR sunacciumateo 


STUDIES ON MAN EXPOSED TO COLD 


WHITE 


ACCLIMATED 


1055 


NATIVE 


ABORIGINAL 


























2r a — 
20 — — — 
ISF FOOT - FOOT T FOOT 
TH . AG Tu 
P ee | rT i i 1 i i 1 1 i i it i i i i nm 1 nm i 1 n 
2 4 8 0 2 | 6 8 0 Z 4 6 & 
HOURS 


Fic. 1. Examples of the two known modes of general acclimation to cold in man, as evidenced by all- 
night bag tests. Left: unacclimated white controls. Center: metabolic acclimation in white men (Nor- 
wegian mountain experiment). Right: ‘insulative cooling’ in Australian aboriginals. RMR = resting 


metabolic rate. 


of a known magnitude. This cooling was made 
severe enough that it would elicit a clear response 
in an unacclimated man, that is it would be so 
cold that he could not possibly sleep, but would 
shiver and thrash around all night long. At the 
same time, however, the stress was kept small 
enough to give the man a reasonable chance to 
overcome it by acclimation. Such a situation was 
obtained when a man rested naked in a one- 
blanket sleeping bag, with a thin wind cover, in 
an environmental temperature of 5° to 0°C. 

The exposure period lasted 6 weeks, and the 
boys found, as many in the audience may have 
noticed under similar conditions, that the first few 
nights were rough, but after that the chill 
gradually left them, so that they were able to 
sleep and rest throughout the succeeding nights. 
They observed that even when a man started 
to shiver and shake during the night it might still 
take quite a jolt to waken him. 

At the end of this period of hardening, the men 
came back to the base laboratory, which was es- 
tablished in a local mountain hotel. At night they 
were placed in an outdoor open shelter and used 
the same sleeping bags as in the field. Skin 


. wes 


temperatures were recorded throughout the 
night, and also the oxygen consumption, by 
means of a ventilated hood and gas analysis. 
Similar tests were performed on controls who had 
not been hardened. It developed that, whereas 
the controls shivered and thrashed about all 
night, with steadily dropping peripheral tempera- 
tures, especially on the feet, the acclimated boys 
stayed warm frein head to foot, sleeping and 
resting throughout the night. Both groups, of 
course, showed an elevated metabolic rate. This 
averaged some 30-60% above basal and was 
irregular, especially in the unacclimated men, 
due to bouts of shivering and thrashing about. 
Phe acclimated boys also underwent bouts of 
shivering, but they slept right through them. 
Here, then, is a clear example in man of the 
metabolic acclimation which Dr. Hart described 
in animals. As in animals, the metabolic response 
in humans is directly produced by the stress, and 
it disappears when this is over, leaving some- 
times a very slightly elevated BMR. The figures 
for metabolic acclimation in our men were not very 
spectacular, from some 30-90% elevation, but 
the improved peripheral temperatures were 








1056 


quite striking. As already pointed out, the stress 
was deliberately kept low so that the men would 
have a reasonable chance to overcome it. 

Let us now turn to the investigations on Aus- 
tralian aboriginals (4). Twenty-five years ago Sir 
C. Stanton Hicks and his collaborators from the 
University of Adelaide found during a series of 
investigations (cf. 5) that the Australian ab- 
originals, who lived at that time naked, could lie 
down and sleep on the ground between little 
fires although the temperature might drop below 
freezing, sometimes as low as —8°C. The basal 
metabolic rate, which we now know has little to 
do with the acclimation, was found to be normal, 
but it was noticed that these natives let their skin 
temperatures drop to much lower values than we 
would voluntarily do. This drop did not neces- 
sarily elicit any shivering response. Similar results 
were obtained a few years ago by Dr. P. R. 
Morrison of the University of Wisconsin from 
temperature measurements in the summer (6). 

In the light of our experience from the Nor- 
wegian mountain experiments it seemed desirable 
to reinvestigate the Australian aboriginals under 
controlled stress situations at night. For the last 
10 years these people have been wearing clothing, 
and we could only hope that in spite of this they 
might still retain some of their original physio- 
logical reactions. Through the kind invitation of 
Professor A. A. Abbie of the University of Ade- 
laide we were able to investigate the Australians 
using essentially the technique we used in the 
Norwegian mountains. 

First, one might well wonder, as others have 
done, to what extent the fires may supply enough 
heat to alleviate the cold stress in the natives. 
This heat was measured, and we also tried lying 
down ourselves between the natives’ fires. It 
turned out, indeed, that on windless nights, even 
in frosty weather, we could lie there naked, 
scorching hot on one side and cold on the other. 
We did not get much sleep, but we could easily 
stay warm by tending the fires frequently, and 
we could get up in the morning without heat 
debt. On windy nights, however, this was im- 
possible for a white man, although it is practiced 
by the natives. We soon found out, as Hicks and 
his collaborators had observed, that the natives 
would lie and let themselves cool rather con- 
siderably on the shade side, without producing 
any metabolic response. It was shown, however, 
by direct measurements that the thermal stress 
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in such a situation between the flickering fires 
and the cold night sky could not possibly be as- 
sessed. We therefore subjected the Australian 
natives to the bag test we had used in the Nor- 
wegian mountains, taking advantage of the fact 
that the night temperatures were in both cases 
the same, around freezing. We ourselves provided 
the control material. It turned out, that while we 
shivered and thrashed about all night, wishing 
that the sun would rise, the Australians lay mo- 
tionless, snoring their way through the night, 
usually on a sub-basal metabolic rate, cooling off 
even more than we did on the surface. 

This bears a strong resemblance to what we 
might call insulative cooling, which is employed 
by many animals as a means of climatic adapta- 
tion, whereby calories are saved without interfer- 
ing with rest or sleep. We might mention, for in- 
stance, the cold feet of a duck or sea gull sitting 
on the ice. 

We have found, as most people have suspected, 
that man indeed is capable of acclimation to cold, 
and we have examples of both of the types which 
we could reasonably expect to occur, namely in- 
sensitivity to body cooling in the aboriginals 
and metabolic acclimation in white man (fig. 1). 
It is very likely that the gap which appears to lie 
between the aboriginal and the white man will be 
narrowed when better knowledge is obtained as 
to the normal latitude of cold tolerance in white 
man. It is also very likely that if a greater stress 
had been applied to the native man he would then 
have resorted to metabolic acclimation, on top of 
his greater tolerance to cooling. 

What now about cold acclimation in Arctie 
races? While naked man may sleep through the 
chill of a +20° tropical night by physiological 
compensation alone, he could not possibly do this 
in the 6 to 8 times greater chill of an Arctic night. 
Whatever physiologica! compensation the naked 
Yaghans might have been able to muster, they 
supplemented it with shelter and fire, and to 
these all other Arctic or sub-Arctic people add 
clothing. The clothing and genera! way of life of 
the Eskimos and Lapps provide adequate pro- 
tection for white men in the Arctic under most 
circumstances. Indeed measurements have indi- 
cated that Lapps are surrounded by a micro- 
climate as warm as ours (7), and this is very 
likely also the case with the Eskimos. Such meas- 
urements, however, can never integrate the 
situation and at the present time it would be 
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wise to withhold judgment as to the faculty for 
cold acclimation in these races until the more 
subtle bag test has been applied to them. From 
Arctic travelers and from personal observations, 
one gets the strong impression that Arctic races, 
such as thenorthern Indians, the Eskimos and the 
Lapps, develop, at least sometimes, a cold hardi- 
ness which we ourselves would find it hard to 
match. Indeed it should not be surprising if we 
found ourselves to be less cold-tolerant than most 
other human races, considering that we so con- 
stantly thermostat our bodies against even minor 
sensations of cold. 
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METABOLIC ADAPTATIONS OF HIBERNATORS 


CHARLES P. LyMan 
From the Department of Anatomy, Harvard Medical School, Boston, Massachusetts 


a CONSIDERING THE ADAPTATIONS of hiber- 
nators to a cold environment it is probably 
necessary to define at the outset the word ‘hiber- 
nation,’ for the usual dictionary definitions are 
not sufficiently precise to convey a clear meaning. 
We have attempted to coin the term ‘deep hiber- 
nation’ to indicate a condition in which the 
warm-blooded state is passively abandoned and 
the body temperature reduced to that of the en- 
vironment, although the animal retains the 
ability to rewarm itself without heat from 
exogenous sources. This definition admittedly 
reduces the scope of hibernation as a subject of 
research, but includes the interesting and dra- 
matic changes in body temperature and metabolic 
rate which take place cyclically during the year 
in certain groups of mammals. 

As investigation of hibernation has continued, 
it has become increasingly apparent that the 
manner of reduction of metabolic rate and body 
temperature is not precisely the same among 
various orders of hibernators or even among the 
various genera of the same order. The holarctic 
bats offer what is perhaps the simplest type of 
hibernation. With their small size and great sur- 
face area, heat conservation is difficult. Hock (1) 
and others have shown that the metabolic rate 
and body temperature of these bats decline 


whenever they cease being active. Thus these 
animals ‘hibernate’ every day and awake in the 
evening to hunt for food. During the winter, the 
periods of hibernation are more prolonged, with 
the animals waking periodically to shift to. more 
favorable positions in the roost. In spite of this 
almost reptilian reaction to cold, bats are able. to 
arouse from the hibernating state without heat 
from external sources. Dodgen and Blood (2) 
have shown that the blood glucese in bats during 
hibernation is very low and that it mcreases dur- 
ing the process of arousal. They postulate that 
protein is the source of energy. 

Rodents and insectivores comprise the: other 
orders of well-known hibernators, and hiberna- 
tion m these groups differs considerably from. the 
situation found in bats. When exposed to cold 
these animals respond as do most mammals by 
increasing their metabolic rate and maintaining 
their warm-blooded body temperature. Their 
ability to withstand cold compares favorably 
with that of the usual small laboratory mammals, 
and Giaja and Popovic (3) have shown that in 
general the peak metabolic rate of hibernators is 
higher than that of nonhibernators of similar size. 

The cause of onset of hibernation is not known, 
and it seems likely that the motivating factors 
may differ from species to species. Kayser (4) 
emphasizes that hibernation occurs when the 
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Fig. 1. Record of woodchuck entering hibernation showing chilling and rewarming in the first 2 hr., 
then a steady decline into hibernation. Each time the animal starts to enter hibernation, the heart rate 
drops first, followed by oxygen consumption, and then body temperature. When animal rewarms, heart 
rate and oxygen consumption increase before body temperature. 


endocrine glands are at their cyclic low of ac- 
tivity, and we have pointed out that exposure to 
cold does not cause hyperplasia of thyroid and 
adrenal in hamsters as it does in domestic rats. 
Environmental factors other than cold certainly 
influence hibernation. For example, little is 
known concerning the onset of ‘aestivation,’ but 
field observations indicate that certain species 
of ground squirrels disappear underground during 
prolonged periods of drought. In the laboratory, 
incidence ‘of hibernation is higher in the wood- 
chick if the animal is denied food and water for 
a period of weeks, and the same is true of the 
ground squirrel (5). The influence of food is more 
striking in the tiny pocket mouse (Perognathus), 
for Bartholomew and Cade (6) have shown that 
these animals will live a warm-blooded existence 
for many weeks in the cold when supplied with 
food, but will hibernate within 24 hours if the 
food is removed. Even brief starvation in a warm 
environment will often produce a torpid condition 
in pocket mice. The protective value of hiberna- 
tion in this animal, which weighs less than 10 gm, 
was emphasized by the fact that starved animals 
hibernating in the cold lost less weight than 


starved active animals kept at warm tempera- 
tures. Although lack of food and water have 
obvious influences on hibernation in these ani- 
mals, the onset of hibernation in other hiber- 
nators such as the golden hamster is unaffected 
by the same factors. 

Little is known concerning the metabolic 
changes which take place as hibernation occurs, 
principally because measurements of these 
changes depend on the caprice of the animals 
themselves. We have recently emphasized that 
the onset of hibernation in the woodchuck consists 
of an almost simultaneous drop in heart rate and 
metabolic rate followed by a decline in body tem- 
perature (fig. 1). Landau (7) has observed a 
similar situation in the ground squirrel, with the 
respiratory rate and then the heart rate declining 
prior to decline of body temperature. These ob- 
servations would suggest that the onset of hiber- 
nation is not caused by a loss of sensitivity to 
cold with a concurrent drop in body temperature, 
but rather that some active reduction of metabolic 
function takes place, which is then followed by 
a decline in body temperature. Furthermore, the 
theory that metabolic rate and heart rate are de- 
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Fig. 2. Heart rate and body temperature in woodchuck chilling under Nembutal anesthesia and en- 
tering hibernation. In upper record of hibernating animal, woodchuck had partially aroused and then 
returned to hibernation with a relatively faster heart rate. Lower record is of the same animal entering 
hibernation at an earlier date. Arrows indicate speeding and slowing of heart during bursts of rewarm- 
ing followed by cooling such as occurred in first part of fig. 1. 


pendent on Van’t Hoff’s law during hibernation 
appears to be untenable in view of the wide vari- 
ations in rates observed at identical body tem- 
peratures (fig. 2). 

During deep hibernation the body temperature 
usually remains slightly above the environ- 
mental temperature and follows the changes in 
ambient temperature within a limited range. In 
general, the metabolic rate and heart rate reach 
their minimum values when the ambient tem- 
perature is about 5°C. Under these conditions the 
metabolic rate is less than 19 of the resting rate 
at warm-blooded temperatures and the R.Q. is 
about 0.7, indicating that the hibernator is using 
fat almost exclusively as a source of energy. If, 
however, the ambient temperature approaches 
the freezing point, the hibernator usually in- 
creases its metabolic rate and either remains in 
hibernation with its body temperature above 
freezing, or actually wakes from the hibernating 
state. Even in bats with their less specialized type 
of hibernation it has been shown that the meta- 
bolic rate increases as the ambient temperature 


bows 


approaches freezing (1). The inability of hiber- 
nators to live in hibernation. for extended periods 
at temperatures below the freezing point of water 
puts a limit on the usefulness of hibernation as 
an adaptation against extreme cold, for in the 
far north there is no hiding place sufficiently pro- 
tected. Thus the arctic ground squirrel south of 
Point Barrow is the most northern of the hi- 
bernators on this continent. 

The process of arousal from the hibernating 
state is in itself a metabolic adaptation against 
the cold in which various physiological speciali- 
zations increase the speed of warming in a cold 
environment. During the period of arousal, the 
metabolic rate rises to very high levels and the 
ability to reach these high levels during warming 
seems to be characteristic of hibernators (4). A 
peripheral vasoconstriction occurs with the rapid 
rise in metabolism, so that the anterior portion 
of the body warms more rapidly than the poste- 
rior. Shivering and other muscular activity con- 
tribute the main sources of heat to the warming 
animal although some warming will occur in the 
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totally curarized hamster. Except for bats, the 
principal energy is derived from glycogen, and 
this is reflected in an elevated R.Q. during 
arousal. The process of arousal is a great metabo- 
lic effort, and Adolph and Richmond (8) have 
calculated that one such episode uses as much 
energy as 10 days of deep hibernation. Were it 
not for the effort of arousal, the cycle of hiberna- 
tion would require a remarkably small amount of 
energy, as is emphasized by Giaja and Popovic’s 
(3) calculation that the metabolic rate is 500 
times as great during the most violent part of 
the waking period as it is in deep hibernation. 
Looking at hibernation as a whole, it appears 
to be a metabolic adaptation to cold which is in 
contrast to the active opposition common to 
most mammals. As such, it has certain physio- 
logical and ecological limitations which make it 
a precarious method of passing through a trying 
period. However, the great advantage of hiberna- 
tion is the reduction in the demands for energy, 
and it is characteristic of hibernators that their 
normal supply of food is virtually unobtainable 
during the time of year that hibernation usually 
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takes place. We find that hibernation appears in 
diverse, remotely related groups in which opposi- 
tion to cold by metabolic expenditure might be 
fatal because of lack of food. It is not surprising 
that the phenomenon of hibernation is not 
physiologically identical in each group, since 
this particular set of ecological circumstances 
must have arisen many times during the evolu- 
tion of mammals, and must have been met in as 
many ways as the physiological flexibility of 
mammals would permit. 
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POSSIBLE BIOCHEMICAL MECHANISMS UNDERLYING 
ADAPTATION TO COLD 


VAN R. Porrer 


From the McArdle Memorial Laboratory, University of Wisconsin Medical School, Madison, Wisconsin 


iT HAVE BEEN INVITED to participate in this 
symposium as a biochemist not working in the 
field and “to speculate on possible mechanisms 
which are basic to the reactions described.”’ In his 
original letter Dr. Carlson asked me to consider 
certain leading questions as to possible metabolic 
and enzymatic changes that might be expected 
to underlie the gross metabolic changes seen in 
the cold-adapted animal. I believe this can be 
done with a minimum of speculation. 

I accepted this invitation not because I am 
particularly interested in adaptation to cold, 
but because I am intensely interested in the 
broad subject of adaptation per se, and regard 
cold adaptation as a beautiful model system that 
lends itself to closely controlled experiments and 
to rigorous quantitative measurements. I am 
sure that the other speakers on the program are 


just as interested in the fundamental aspects of 
this problem as I am. Although I am not working 
in the field of adaptation I have had some con- 
tact with it (1, 2) and I believe that unless I had 
had some contact with the problem I would have 
hesitated to comment at this time. This slight 
experience serves only to increase my caution. 

I would like first to ask some questions. Are 
we all agreed that in all probability, when an 
animal adapts to some form of environmental 
stress, the adaptation occurs at every level that 
has any relevance to the problem? In other 
words, cold adaptation is not just vasoconstric- 
tion, shivering, increased thyroid function, etc., 
but a complex interplay of all relevant responses. 
Secondly, are we agreed that the quantitative 
importance of each factor in the total response 
varies from one species to another? Thirdly, are 
we agreed that in any given species, the responses 
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Fig! | EVOLUTIONARY 


ADAP TATION POSITIVE OR 
NEGATIVE FEEDBACK 
DNA (GENE) FOR SLOW OR FAST ¢ 
SLOW PHYSIOLOGICAL 
ADAPTATION 
RNA (ENZYME 
FORMING 
SYSTEM) agree. 
ENZYME => PROENZYME 
FAST — 
sar METABOLITE 
SUBSTRATE ——» PRODUCT < COENZYME 
HORMONE 


Fic. 1. Biochemical mechanisms of adaptation. 
Heavy arrows show targets of feedback mechanisms 
classified as slow, fast or evolutionary. 


do not all occur at the same rate? I like to think 
of the first, second, third, etc. lines of defense 
against a given stress, again emphasizing that 
the initial defense is not a single response but is 
the sum of all relevant responses that can be 
quickly mobilized by the animal at the particular 
level of conditioning in which he finds himself. 
To amplify this last point, I would emphasize 
that the first response of the untrained individual 
is not necessarily the first response of the trained 
individual. Thus the one may respond to exercise 
with a violent discharge of adrenaline, elevation of 
blood sugar and lactic acid, and every evidence 
of a failure to have adequate defense in depth, 
while the trained individual given the same 
stress will not utilize the initial response of the 
‘amateur,’ but will swing directly into the pre- 
pared defenses. From the biochemical standpoint, 
we must inquire what are the chemical feedback 
mechanisms that initiate the primary responses 
in the amateur? what are the secondary defenses 
that fail in the amateur? what is the nature of 
these defenses in the trained individual? how do 
the amateur responses initiate the preparation 
of the secondary defenses that distinguish the 
trained individual? 

I feel that the answers to these questions have 
been phrased in physiological terms, including 
total oxygen consumption, for a sufficiently ex- 
tended time that the time is ripe for a biochemi- 
cal attack on these problems and I assume that 
this is the conviction of the planners of this 
symposium. 

The answers to the above questions must be 
phrased against the background of the rapid in- 
creases in our understanding of the living 
process (3). 

It is becoming apparent that the fast responses 
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Fig. 2. Oxidation of glucose-U-C™ to COs in 
cold-adapted and warm-adapted rats while at a 
temperature of —5°C. Data replotted from De- 
pocas et al. (5). 


mentioned above must involve activation or 
blockade of existing enzyme systems, while the 
slow responses must involve the preparation of a 
‘revised enzyme pattern’ which will permit the 
animal to respond to a given stimulus with a 
pattern of intermediary metabolism that is 
appropriate to the new environmental situation. 
To understand this analysis of the situation it is 
necessary to have a thorough knowledge of al- 
ternative metabolic pathways and to realize that 
many intermediary metabolites can be formed 
and also disposed of in a variety of ways (3). 
The understanding of this analysis is further 
dependent upon knowledge in the field of nucleic 
acid function. I believe that the following gen- 
eralizations are fundamental to the present 
discussion (fig. 1): a) The molecular pattern of 
DNA (deoxyribonucleic acid) of nuclear genes de- 
termines the molecular pattern of corresponding 
enzymes. b) The reproduction of DNA molecules 
involves an inherent but modifiable tendency 
toward error leading to new enzyme configura- 
tions that make evolution possible. c) The pos- 
session of a given gene DNA molecule does not 
guarantee the presence or amount of the cor- 
responding enzyme because environmental feed- 
back affects the enzyme-forming systems (EFS) 
that mediate between the genes and the enzymes. 
In this discussion the point to be emphasized 
is the third one because it means that the gene 
pattern merely determines the framework within 
which the enzyme pattern can be worked out. 
From the data to be presented I am inclined to 
infer that the enzyme pattern of individual mam- 
malian tissues is not fixed but varies, within limits 
established by Mendelian heredity, because of 
adaptive enzyme-forming systems that are main- 
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tained at characteristic levels in vivo by the posi- 
tive and negative feedback exerted by circulat- 
ing metabolites, hormones and other regulators 
which are, in turn, controlled by homeostatic 
mechanisms (cf. 4). 

I should like to comment on but two of the 
papers referred to by the preceding speakers. The 
paper by Depocas et al. (5) seems to be an out- 
standing beginning in our understanding of the 
‘revised metabolic pattern’ of the adapted animal 
and this paper opens the way for a detailed 
analysis of the problem. I have replotted some of 
their data in the accompanying chart (fig. 2). I 
wish to emphasize not only the ‘lower percentage 
oxidation’ mentioned by Dr. Hart but also the 
more rapid initial oxidation and indicate my in- 
terpretation of the data in this figure. 

From the literature I would like to cite an im- 
portant paper by Rosen eé al. (6). Figure 3 is a 
graph prepared ‘rom their data, and is an out- 
standing example of the ‘revised enzyme pat- 
tern’ that we should be looking for. It was 
shown that the glutamic-pyruvic transaminase 
of rat liver increased almost 600% over a period 
of 15 days of treatment with hydrocortisone, with 
a return toward the original values when the 
hormone was withdrawn. This represents the 
‘slow’ type of biochemical change mentioned 
in figure 1, and is probably a feedback on the 
enzyme-forming system (EFS). Not shown in the 
figure are simultaneous assays on the glutamic- 
oxalacetic transaminase, which increased about 
50%, and, the lactic dehydrogenase, which de- 
creased slightly. 

The second paper on cold adaptation that 
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Fig. 3. Increase in glutamic-pyruvic transami- 
nase in livers of rats treated with hydrocortisone 
(compound F). Data plotted from Rosen et al. (6). 
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caught my eye was the report by Hsieh and 
Carlson (7) showing the ‘fast’ type of response 
in cold-adapted rats given /-noradrenaline. Here 
the rate of oxygen consumption was doubled 
within 10 minutes (fig. 7, p. 1051 in review by 
Hart) in the adapted animals but not in the non- 
adapted animals, suggesting that the former 
had prepared a ‘revised enzyme pattern’ that 
would be more capable of responding to the fast- 
acting mechanism involving /-noradrenaline. 
Turning to the literature, we find a possible 
example of the revised enzyme pattern that might 
be operating here. Figure 4 is a replot of data by 
Phillips and Langdon (8) who found that the level 
of TPN-cytochrome c reductase is lowered in 
livers from animals that are hypophysectomized 
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or thyroidectomized, while the level of the enzyme 
is increased over a period of days by the injec- 
tion of thyroxine. These authors noted that the 
levels of transhydrogenase and DPN-cytochrome 
c reductase were unchanged, although it was 
not clear whether mitochondria were employed 
for the latter assays. Reynafarje and Potter (9) 
have shown that these two enzymes are in the 
mitochondria. 

The significance of these studies lies in the fact 
that hydrogen transport appears to occur over at 
least two alternative pathways as shown in figure 
5, which is also an attempt to pinpoint possible 
hormone-induced adaptive mechanisms, and to 
distinguish between action on enzyme activity 
and on enzyme synthesis. This chart is faith- 
ful to the literature except for the one piece of 
speculation indicated by a question mark, 
namely the action of noradrenaline which is lo- 
calized at a point I consider reasonable, although 
undoubtedly incorrect. The essential point is 
that Kaplan, et al. (10) have provided data sug- 
gesting that the oxidation of TPNH produces 
little or no phosphorylation, in contrast to the 
oxidation of DPNH. The exact quantitative 
difference is not established, but it appears from 
the work of Vignais and Vignais (11) that the 
TPNH oxidation is clearly less efficient, which is 
to say that a calorigenic shunt exists in the hy- 
drogen transport mechanism, and that it is the 
enzyme-forming system for this shunt enzyme 
that is stimulated by thyroxine injections. The 
apparently low capacity of the TPN cytochrome 
c shunt suggests that other calorigenic shunts 
probably exist, and it is not implied that the 
effect described here (8) is more important than 
other thyroxine effects reviewed by preceding 
speakers. 

The adrenaline localization is based on the work 
of Sutherland and colleagues (12), the estrogen 
localization is based on the recent work of 
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Talalay and Williams-Ashman (13) and the 
cortisone localization is based on the work of 
Rosen et al. (6), shown in figure 3. 

It would of course be premature to think that 
these formulations represent anything but an 
over-simplification of the biochenical mechanisms 
underlying the observations that have been sum- 
marized so admirably by the preceding speakers, 
but if these schemata suggest any new experi- 
ments, it is hoped they will have served the 
purpose Dr. Carlson had in mind when planning 
this symposium. 

In conclusion I would like to thank my col- 
leagues Dr. R. K. Boutwell and Dr. H. A. 
Lardy without whose consultation I should have 
been unaware of important literature citations. 
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ENDOCRINE MECHANISMS IN ADAPTATION TO COLD 


Dwicut J. INGLE 


From the Ben May Laboratory for Cancer Research, University of Chicago, Chicago, IVinois 


: ee PHYSIOLOGICAL REGULATION of body tem- 
perature during exposure to either heat or cold 
illustrates the mechanisms of homeostasis. Dis- 
cussions of homeostasis are likely to emphasize 
the constancy of the internal environment, and 
yet we know that the internal environment is 
not as constant as was once imagined. There is 
periodicity in most, if not all, functions that have 
been carefully studied—this is true of body 
temperature. 

It is generally true that any function is affected 
by several humoral and neural mechanisms, and 
that removal of one does not necessarily abolish 
control unless the mechanism is vital or near- 
vital. Homeostatic mechanisms which succeed in 
maintaining balance are examples of negative 
feedback. 

The multiplicity of physiological mechanisms 
which maintain homeostasis tends to obscure 
cause-and-effect relationships. Three generaliza- 
tions can be made. @) The response to a potent 
biological stimulus may be dampened or may 
fail to become overt because of compensatory 
reactions. b) When several homeostatic mecha- 
nisms—each of them nonvital—share in the con- 
trol of a process, removal of a single functional 
mechanism may be without significant effect 
upon the causally connected process because of 
the compensatory activities of other homeostatic 
mechanisms. Therefore, when a function fails to 
disappear following removal of an organ, it is 
unsafe to assume that the organ had nothing to 
do with the function. c) When a vital or near- 
vital homeostatic mechanism is removed, not 
only does a corresponding primary function dis- 
appear, but most or all functions of the organ- 
ism may be adversely affected. When a function 
disappears upon removal of an organ, it is unsafe 
to conclude that it was a function of that organ. 

The pituitary, adrenal and thyroid glands have 
been implicated in the increased heat production 
required to maintain a normal body temperature 
during exposure to cold. The hypophysectomized 
animal cannot keep itself warm when exposed to 
cold and soon dies unless treated. It is supposed 
that the sensitivity of the hypophysectomized 
animal to cold is due to the secondary hypo- 


thyroidism and hypoadrenalism which ensue 
when the source of thyrotropic hormone (TSH) 
and corticotropin (ACTH) is removed. Thyroxine 
and related compounds are calorigenic, and corti- 
sone and related compounds are calorigenic when 
given in excess. Hormones of the adrenal cortex 
can affect the secretion and action of thyroid 
hormones; the level of thyroid activity can affect 
the secretory activity of the adrenal cortex. It is 
probable that pituitary hormones other than TSH 
and ACTH affect heat production, but there is 
little pertinent information. 

As reviewed by Hart in this symposium, it has 
been shown that the secretory activity of the 
thyroid is increased during exposure to cold. 
Moreover, the untreated thyroidectomized ani- 
mal has low resistance to cold. Penetrating studies 
of the role of the thyroid in thermogenesis in the 
laboratories of Carlson, Sellers, and others have 
shown that adaptation to cold cannot be at- 
tributed solely to the response of the thyroid: 
treatment of the unadapted animal with thyroid 
hormone does not confer resistance to cold upon 
the animal (1); the thyroidectomized animal 
treated with a constant dose of thyroxine shows 
a rise in BMR and is capable of adapting to cold 
(2). It can be imagined that the role of the 
thyroid hormone in adaptation to cold is a per- 
missive one and that the increase in secretory 
activity of the thyroid during exposure to cold 
serves to meet an increased need for hormone, 
possibly because thyroid hormones are catabo- 
lized more rapidly during exposure to cold (3). 
But remember, too, that when a function per- 
sists in the absence of an organ, this does not 
mean that the organ failed to participate in the 
function when the organ was present. 

It is generally true that the adrenal cortex in- 
creases in size and secretory activity when an 
experimental animal is exposed to cold. The un- 
adapted, untreated, adrenalectomized animal 
quickly dies when exposed to cold, and the 
amounts of cortical steroids required to main- 
tain life are greater than are needed to maintain 
life at optimal temperature. As the animal adapts 
to cold, the size of the adrenal cortex decreases 
toward normal and the amount of steroid re- 
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quired to maintain life in the adrenalectomized- 
adapted animal is less than required by the 
adrenalectomized-unadapted anim. 

The above generalization seems to apply 
clearly enough to rodents. Nelson et al. (4) have 
done meticulous studies of the level of hormone 
in the adrenal vein blood of the dog which indi- 
cate an actual suppression of secretory activity 
during exposure of the dog to —10°C for 1-33 
hours. This is a reminder that there are many 
gaps in our knowledge about the response of the 
endocrine glands to stressors. 

The adrenal medulla discharges calorigenic 
hormones during acute exposure to cold and may 
have a role in maintaining temperature during 
the early stages of the emergence. Swanson (5) 
has reviewed the evidence that thyroxine may 
potentiate the calorigenic action of endogenous 
adrenaline during exposure to cold. 

It has been shown that the ability of the 
adrenal-demedullated rat to sustain body tem- 
perature during exposure to cold is subnormal. 
This may indicate that the continued secretion 
of adrenaline from the adrenal medulla plays a 
role in heat production. However, the secretory 
capacity of the regenerated cortex in the de- 
medullated adrenal remains subnormal for as 
long as 2 months following adrenal enucle- 
ation and, in fact, cannot then secrete as much 
glucocorticoid as can the intact adrenal stimu- 
lated by large doses of ACTH. 

I have a limited amount of experience with 
the adrenalectomized rat exposed to cold (6). Our 
animals were shaved twice each week. This makes 
a great difference in the ability of the animal to 
keep itself warm. The temperature was lowered 
2°C each day until 15°C was reached, and was 
thereafter lowered 1° every other day until 3°C 
was reached. There was no visible shivering of 
the cold-exposed rats. They curled themselves 
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into a ball and behaved as though they were 
sleeping at all times except when they were 
feeding. Rats eating ad libitum ate twice as 
much food as did normals. Adrenalectomized 
rats were treated with 3-5 cc of beef adrenal 
extract per rat per day in various experiments. 
The adrenalectomized rats treated with ACE sur- 
vived 3°C and lower just as well as did non- 
adrenalectomized rats. When tube-fed rats were 
exposed to cold, the adrenalectomized rats treated 
with ACE showed a rise in urinary nitrogen just 
as great as in the nonadrenalectomized rats. Heat 
production was not measured in any of our 
studies, but the rectal temperatures of all adapted 
rats were within a normal range and were unre- 
lated to the presence or absence of adrenal 
glands. 

These considerations do not permit any firm 
conclusions regarding the role of hormones in 
adaptations to low temperature. It is reasonably 
clear that heat production and adaptation are 
not controlled completely by any one gland. The 
presence or absence of hormones of the pituitary, 
thyroid, and adrenal glands can affect heat pro- 
duction and the success of adaptation. The role 
of these hormones in adaptation may be per- 
missive, or it remains possible that a very active 
role in the regulation of heat production can be 
attributed to any one or several hormones. 
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Dr. Hock. I am in the somewhat unhappy posi- 
tion, for discussion purposes, of not disagreeing 
with Doctor Lyman except for one point which I 
will bring up later. However, I would like to ex- 
tend Doctor Lyman’s remarks by voicing some 
postulates and hypotheses that I feel are useful at 
this stage of our study of hibernation. 

First of all, I should like to define ‘hibernation’ 
a little more rigorously. Hibernation is a periodic 
physiological state appearing in some mammals 
and a few birds (1, 2) in which state body tem- 
perature falls to a low level, approximating the 
ambient temperature, with concomitant decrease 
of heart rate, metabolic rate, respiratory rate and 
other physiological functions to minimal levels. 
Although Doctor Lyman’s definition was not this 
rigid, the only real distinction is that I have 
added the word ‘periodic.’ 

Let us now consider the origin and distribu- 
tion of hibernation among the mammals. Ly- 
man has already pointed out that it appears to 
have been developed by various species of mam- 
mals that are unable to obtain their normal food 
at some time of year. We are therefore not sur- 
prised to find it peculiarly distributed among the 
various groups of mammals. Among the rodents, 
hibernation is found in at least three families; it is 
also found in two insectivorean families, and 
apparently all the microchiropteran bats are 
capable of at least the diurnal temperature re- 
duction, even if they do not hibernate for longer 
periods. 

But in addition to these true hibernators, there 
are several other groups that may give us an in- 
sight into the origins of hibernation and which 
will serve to illustrate the diverse uses of the 
word when it is not restricted in definition. The 
first of these is represented by some common but 
little-studied rodents. Johnson (3) stated that 
the black-tail prairie dog dropped its body tem- 
perature from a normal of 36°-37°C to 19.5°- 
22.5°C in ambient temperatures of 4.4°-9.5°C, or 


a change of not more than 17.5°C. This may be 
regarded as an intermediate type of ‘hiberna- 
tion.’ Among the carnivores there are several 
that exhibit a still less profound state akin to 
hibernation. These include the bears (black, 
brown, grizzly and female polar bear when about 
to have cubs), the raccoon, the badger, the 
striped skunks and the raccoon-like dog of 
Eurasia. The black bear studied by me exhibits 
a drop in rectal temperature from 38.0°C normal 
to a low of 31.2°C in winter (4), or a decrease of 
7°C. It therefore seems to me that the phenome- 
non of hibernation and similar states represents 
a spectrum, with various degrees of intensity as 
illustrated by figure 1. The data on bats and 
ground squirrels are from Hock (5, 6, and un- 
published observations). The bats exhibit a 40°C 
difference between normal and hibernating tem- 
perature, while the Arctic ground squirrels have 
a temperature reduction of 37.0°C. 

Bartholomew and Cade (7) have recently re- 
ported hibernation in the pocket mouse, with 
temperatures falling to as low as 6°C when the 
mice were deprived of food for 24 hours. In con- 
nection with this, the findings of Morrison and 
Ryser (8), Sealander (9) and Howard (10) on 
temperature fluctuation in deer mice may be 
important. An animal deprived of food is under 
stress, and may respond either by starving or by 
reducing temperature to conserve energy and 
thus decrease nutritional requirements. Hiberna- 
tion is not a stress, but is a normal event in the 
annual cycle of those animals which undergo it, 
as long as they have made the necessary prepara- 
tions, which are cyclic in their initiation. 

It is only on this point of starvation that I 
disagree with Doctor Lyman, for I believe that 
while periodic scarcity of food may well have 
been the reason for the origin of the phenomenon 
of hibernation, food scarcity is not the factor 
responsible for the initiation of hibernation. 
Perhaps the ‘hibernation’ of the pocket mouse is 
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Fic. 1. Comparison of reduction in body tem- 
perature of the little brown bat (data from 5), 
Aretic ground squirrel (data from 6), the blacktail 
prairie dog (data from 3), and black bear (data 
fom 4). The maximum reduction under normal 
conditions is given on each bar. 


not true hibernation but more akin to the drop 
intemperature of European swifts in bad weather 
(ll). But all of these phenomena serve to add 
more range to our spectrum of conditions that 
comprise or resemble hibernation. 

The stimuli for the initiation of hibernation 
and for arousal from this state are of great inter- 
et. We are forced to look for two stimuli, at 
least in regard to initiation of hibernation. One of 
these is the environmental stimulus and the other 
is the physiological stimulus. Let me also say 
that use of the word ‘stimulus’ may be mislead- 
ing, for it may well be that we are here considerng 
inumber of co-ordinated physiological events, 
ill acting to produce the onset of hibernation. 

Search for these stimuli has been long-con- 
tinuing, and thus far there is no agreement on 
their nature. Part of this difficulty lies in the fact 
that we have been looking for a ‘universal stimu- 
lus’ for hibernation, much like the ‘universal 
panacea’ of the alchemists. Yet, Dr. Lyman and I 
have both declared our belief that due to the 
probably separate origins of hibernation in the 
various groups there will certainly be variations 
inthe physiological picture between these groups. 
for example, I believe that the environmental 
timulus initiating the preparation for hiberna- 
tion in the Arctic ground squirrel is the decrease 
inthe photoperiod (12). From examination of the 
literature it appears that this stimulus may also 
ipply to the other ground squirrels and to the 
marmots. But it apparently does not apply to 
the hedgehog of England and certainly not to the 
golden hamsters at Harvard. 
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To pursue my theory farther, I believe that 
the decrease in day length causes the animal to 
start fattening. The one fact that is constant in 
studies on the initiation of hibernation is that 
the animal must have sufficient food reserves, 
either as externally stored food or as fat depots 
in its body. Presumably other changes such as 
endocrine changes occurring along with fat 
deposition make the animal ready to hibernate. 
The cause of these physiological events is not so 
easy te envision in the case of animals that store 
food, such as the hamster (13). 

Attempts to induce hibernation by artificial 
means have thus far not been productive, due 
largely to the fact that it is not true hibernation 
that is produced but only loss of temperature 
control or some other single factor. The reason 
why these attempts have failed is probably the 
fact that the normal cycle of events preceding 
hibernation has not been reproduced. 

The stimulus for the termination of hiberna- 
tion in the spring is almost certainly physiological 
in nature. Although several environmental 
factors such as soil temperature (14) have been 
mentioned in this connection, it is more reason- 
able to conceive of an internal stimulus such as 
gonadal recrudescence as the stimulus for 
emergence from hibernation. At least this theory 
is true under the conditions as they exist in 
Alaska, where the ground squirrels emerge on a 
constant date, and despite varying meteorological 
conditions. 

In addition to the final emergence from hiber- 
nation, all hibernators have a built-in mechanism 
that makes the study of the dynamic processes 
of initiation and arousal easier for the investi- 
gator. Contrary to a popularly held belief, hiber- 
nation is not a continuous process throughout a 
winter but is actually a series of fairly short 
periods of hibernation interrupted by’ even 
shorter periods of activity. In my Arctic ground 
squirrels the periods of hibernation are from 1 
to 2 or 3 weeks, and the periods of activity are 
from 1 to 3 days. Figure 2 illustrates this phe- 
nomenon as a general concept. 

Thus we see that hibernation is not the 
homeostatic condition it has long been con- 
sidered to be. The cause of the periodic arousal 
appears to me to lie in the depletion of some 
substance, possibly a nutrient, during the course 
of hibernation. If we consider that this substance 
cannot be regenerated at low temperature, we 
have an explanation for why the animal must 
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r Fic. 2. Concept of the course 
of hibernation, showing short 
periods of hibernation inter- 
spersed with periods of ac- 
tivity. ‘‘Physiological function 
level’? might refer to rectal 
temperature, for example. Time 
of duration of hibernation and 
arousal periods varies in dif- 
ferent species (data from 15). 
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Fic. 3. Concept of cause of periodic arousal. At 
time 2, unknown vital substance has fallen to level 
2, and animal must arouse to regenerate more 
of this substance since continued hibernation will 
cause further depletion so that arousal will no 
longer be possible. 


arouse periodically. We also have an explanation 
for why it must undergo this energy expensive 
arousal, as it has been calculated by Adolph 
and Richmond (16) that the amount of energy 
consumed in arousal would maintain the animal 
for 10 days in hibernation. Figure 3 illustrates 
this concept. The substance which is being used 
at a constant rate we will consider is half de- 
pleted at time 2, although probably much less 
than half is actually used at the initiation of 
arousal. We must also assume that this substance 
plays a role in the arousal from hibernation, 
perhaps by furnishing the fuel for this process. 
If the animal continues hibernating, it will use 
enough of this substance so that it will be unable 
to fuel the arousal from hibernation at the 
termination of this longer period. It is as though 
one had to drive 200 miles on a tank of gas, and 
at 100 miles the tank was half empty at the last 


gas station. One would refill the tank rather than 
take the chance of running out of gas. I consider 
that the hibernator is refilling his tank in this way. 

Elucidation of the stimuli that cause initiation, 
periodic arousal, and final termination of hiber- 
nation is one of the two major tasks now remain- 
ing for students of hibernation to accomplish. 

The other most important question that arises 
in the study of hibernation is: Is there a basi¢ 
difference between hibernators and nonhiber- 
nators? Inherent in this question are two others, 
To what level of organization does this differ- 
ence extend? Does it pertain only during the 
period of hibernation, or is it present at all times? 

With the present emphasis on the use of hy- 
pothermia as a surgical adjunct, the safe attain- 
ment of lower levels of temperature is highly 
desirable in order to permit longer and more in- 
volved operations without anoxic damage to 
the brain or the onset of ventricular fibrillation. 
Furthermore, the imminence of space flights of 
great duration makes the possibility of marked 
reduction of man’s temperature to a level ap 
proximating that of hibernating mammals a mat 
ter of importance as an_ energy-conserving 
measure. 

It seems to me the fact that physiological fune 
tions are carried out by hibernators at tempere 
tures close to 0°C is evidence that not only the 
organization of the animal but perhaps its very 
cells are adapted to these low temperatures. Con 


versely, the fact that homeotherms cannot 


safely assume temperatures below about 10° 
14°C indicates that they are not so adapted. Still, 
the experiments of Andjus and Smith (17) ind 
cate that ways are present to further reduce the 
body temperature and thus the energy expend: 
ture, although only for extremely short periods. 





Dec 


Inor 
pho 


F 
tion 


TAB 
OF 


Me- 
dium 


Ae 
Be 


med 


tipp 
sum 
for | 
conc 
0.01 
buff 
rate 
Be c 
Tris 
toch 


cose 


St 
toric 
or © 
non] 
or s¢ 

D 
rath 
zani 
ing 
allov 
inte 

D 
been 
P/O 
cooli 
Smit 
woul 

D; 
prese 











ume 17 


course 
- short 
inter- 
of ac- 
netion 
rectal 
. Time 
on and 
in dif- 
1 15). 


r than 
ynsider 
is way. 
iation, 
hiber- 
omain- 
sh. 

_ arises 
. basie 
ihiber- 
others, 
differ- 
ig the 
times? 
of hy- 
uttain- 
highly 
ore in- 
ige to 
lation. 
‘hts of 
varked 
el ap 
a mat 
erving 


1 fune- 
npera 
ly the 
S very 
. Con 
-annot 
t 10% 
|. Still, 
) inde 
ce the 
pend: 
iods. 





December 1958 

















Inorganic +\<—- ~ P utilisation<————— ATP 
phosphate 
pool 
eo Electron transport 
phosphorylation Le 
substrate oxidised substrate 


Fic. 4. ATP synthesis-degradation interrela- 
tionships in mitochondria of liver. 

TABLE 1. CoMPARISON OF QO} AND P/O RATIOS 

OF LIVER MITOCHONDRIA FROM NORMAL AND 
COLD-ADAPTED RATS 





Normal Cold-Adapted 
Me- |__ 
dium 





Qo’ P/O Qo P/Ot 





A, |103.2+6.7*|1.50+0. 108/73 .6+5.3/0.682+0.055 
B. | 93.545.0 |2.12+0.096/75.5+3.9)1.06+0.092 


+ P(normal-cold) < 0.001 in both 











*S.E. 
media. 

Mitochondria incubated at 37°C, hexokinase 
tipped after 5 min. equilibration. Oxygen con- 
sumption and phosphorus esterification measured 
for following 20 min. Medium A: contained (final 
concentrations) 0.25 m sucrose, 0.0015 m MgCl, 
0.01 m Tris, 0.0003 m ATP, 0.008 m K phosphate 
buffer of pH 7.28, 0.008 m dl-beta-hydroxybuty- 
rate, 0.01 m KF, glucose and hexokinase. Medium 
B, contained 0.25 m sucrose, 0.006 mM MgCle, 0.01 m 
Tris, 0.002 m ATP, 0.0001 m DPN, 0.00015 m ey- 
tochrome c, 0.01 m dl-beta-hydroxybutyrate, 0.01 
mM K phosphate buffer of pH 7.4, 0.01 m KF, glu- 
cose and hexokinase. 


Studies are now going on in several labora- 
tories that may resolve the question of whether 
or not the differences between hibernators and 
nonhibernators exist on the cellular, enzymatic 
or some higher level of organization. 

Despite the fact that hibernation has been 
rather continuously studied since Lazaro Spallan- 
zani’s work in 1792, we are only today approach- 
ing what seem to be the basic studies that will 
allow us to describe and understand this highly 
interesting phenomenon adequately. 

Dr. Caruson. One of the questions that has 
been asked is: Have studies been made on the 
P/O ratio in cells of animals undergoing artificial 
cooling and natural hibernation? I think Dr. 
Smith may have some comments on this, and I 
would like to call on him at this time. 

Dr. Situ. I am sure that Professor Potter’s 
presentation today has proved most welcome and 
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timely to those of us in physiology who have been 
attempting to unravel the molecular interactions 
underlying the process of cold acclimatization in 
the mammal. Pertinent to this, I should like to 
report some findings which confirm in part at 
least the shunting of oxidative energy into heat, 
which Professor Potter has so aptly suggested may 
occur in the cold acclimatized state. Reasoning 
from the premise that the primary need in cold 
adaptation is an increased evolution of heat for 
a given oxygen consumption, we (18, 19) have 
been conducting experiments on the phos- 
phorylating efficiency of liver mitochondria from 
normal and cold-adapted rats. Figure 4 shows 
schematically the ATP synthesis-degradation in- 
terrelationships in liver mitochondria, wherein 
the P/O ratio is dependent upon the relative 
rates of synthesis and degradation of ATP. The 
results of phosphorylation experiments (table 1) 
indicate that, in accordance with our theory, 
the P/O ratios of the cold-acclimatized system 
are very significantly lower than those from the 
control animals. The P/O ratio obtained depends 
to some extent on the constituent composition of 
the reaction medium as shown here; however, 
there is a consistent and highly significant de- 
pression of the P/O of mitochondria from cold- 
adapted animals in both media shown. Such re- 
sults could be interpreted as indicating a greater 
rate of degradation of ATP in the cold-adapted 
tissue or a lowered rate of synthesis of ATP. 
Concurrently with the P/O experiments we 
therefore measured ATP-ase activities of these 
mitochondrial preparations and found that ATP 
is broken down at essentially the same rate in 
normal and cold-adapted mitochondria. The in- 
ference then was that the synthesis of ATP is 
lower in the cold-adapted animal, and our next 
move was to look for the mechanism whereby a 
lowered ATP synthesis might occur. As Pro- 
fessor Potter has pointed out, a reasonable choice 
seemed to be the poorly phosphorylating TPNH- 
cytochrome c shunt of the electron transport 
system, which has been found to be altered in 
thyrotoxic animals. However, when we examined 
the respective mitochondria for TPNH-cyto- 
chrome c reductase and transhydrogenase activi- 
ties (table 2), we were somewhat surprised to 
find that the expected differences did not occur 
in the cold-adapted system. Simultaneous exam- 
ination of the soluble cell fractions similarly dis- 
closed that no alterations occur in glucose-6- 
phosphate and 6-phosphogluconate dehydrogen- 
ase activities in cold acclimatization, although 
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TABLE 2. COMPARISON OF SPECIFIC ACTIVITIES* OF 
ENZYMES FROM LIVERS OF NORMAL AND COLD- 
ADAPTED RATS 








Enzyme Normal | Cold-Adapted 

- | 
Transhydrogenase................. | 0. 140-+0.011f| 0.0940. 020t 
TPNH- cytochrome ¢ reductase...| 3.701-0.302 | 3.968-+0. 368 
Glucose-6-PO, dehydrogenase ..... | 0.72340.097 | 0.654+0.051 
6-Phosphogluconic dehydrogenase. .| 1.851+0.195 | 1.8140. 196 











*Activities are expressed in arbitrary units per milligram nitrogen. 
*S.E 


tP=0 07 


again both these enzymes are markedly altered 
in experimental thyrotoxicosis and depressed 
after thyroidectomy. It is of course possible that 
small changes in these enzymes do occur in cold 
adaptation but are not detected in our assay con- 
ditions; however, our feeling at this time is that 
although there is definitely an increased thermo- 
genesis directly associated with a lowered P/O 
in liver mitochondria from cold-adapted rats, it is 
by no means certain that this increased thermo- 
genesis is due to an increased utilization of the 
TPNH-cytochrome c shunt. 

We are therefore investigating the possibility 
that an alternate pathway of another sort may 
be the primary means whereby the cold-adapted 
animal diverts its oxdative energy into the heat 
pool. 

Dr. Cartson. Thank you very much, Dr. 
Smith. Dr. Hannon has called our attention to 
some of the work (20) of Dr. Panagos and Dr. 
Beyer, at Tufts University, who have been 
studying succinoxidase in rat liver mitochondria 
and have recently shown that there is an uncou- 
pling of oxidative phosphorylation. Dr. Hannon 
indicates that he has found a similar occurrence 
in isotonic liver homogenate of acclimatized rats. 
In this latter investigation, 6-hydrobutyrate and 
succinate oxidation were assayed, and both ex- 
hibited lower P/O values following cold acclima- 
tization. The lowering of the P/O ratio is ap- 
parently not due to an increase in ATP-ase, since 
both calcium- and magnesium-activated forms 
were essentially identical. 

I wonder if Dr. Potter would like to take just 
a few minutes to summarize and perhaps answer 
one other question which was directed to him. 

Dr. Porter. This last report is very important 
and it ties in with the other question. Since the 
oxidative phosphorylation system is located in the 
mitochondria and the DPN and TPN-cytochrome 
c reductases are also in the microsomes, I think 
it’s very important to study these in both frac- 
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tions of the tissue and to make certain that one 
gets assays for the enzymes in the mitochondria 
and in the microsome fraction as well. This is 
very much related to the other question: Why 
only alternative pathways? Why not modification 
of rate or level of chief known pathways?. Well, 
you can’t modify an alternative pathway without 
modifying the rate or level of one or both of the 
chief pathways so that it’s apparent in the com- 
ment that there are no disagreements here be- 
tween me and the questioner. I simply want to 
emphasize that whenever you change the rate or 
level of the chief known pathways, when there 
are any other pathways, what is important is the 
ratio between the competing pathways. 

Dr. Harpy. First, I want to say how much 
those of us who have been interested in the 
problems of heat and cold exposure appreciate 
Dr. Carlson’s going to all the trouble to organize 
this very fine symposium on ‘Cold Adaptation.’ 
Second, I would like to discuss very briefly Dr. 
Scholander’s remarks on ‘Cold Hardiness’ in 
humans. Since Riibner first presented the idea of 
‘chemical regulation,’ investigators have been 
looking for a heat production in response to cold 
that could be attributed to sources other than 
shivering. This search has been _ successful 
mainly for rats and it is now generally accepted 
on the basis of work in Dr. Carlson’s laboratory 
and that of the National Research Council, 
Canada, that a nonshivering thermogenesis in 
response to cold does indeed exist in rodents. The 
problem for man is more difficult and those of us 
in the Russell Sage Institute of Pathology, Cor- 
nell Medical College, New York, began a study 
some 25 years ago to evaluate responses of the 
nude human to cold. It was hoped that indi- 
viduals conditioned to cold might show a differ- 
ence in response to the human who is not so con- 
ditioned. We had available a human calorimeter 
which gave dependable measurements of heat 
loss and heat production. We got in touch with a 
local nudist group. The nudist, as part of his 
training, sleeps out-of-doors and by exercise be- 
comes accustomed to cold. We were assured this 
group did sleep out-of-doors and that they were 
perfectly comfortable without covering even on 
cold nights. However, we were somewhat dis- 
couraged about this experiment when on a bright 
clear October morning our subject arrived at the 
laboratory well bundled in a fur coat. This seemed 
not to be the condition in cold we were hoping to 
find. In fact, our measurements showed no differ- 
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ence in heat loss and heat production on cold 
exposure between our nudist subjects and our 
normal control group. This has led me to con- 
clude that nonshivering thermogenesis on acute 
cold exposure is probably not an important 
response of man to cold. There can be no question 
but that the individual’s attitude toward cold 
exposure is of great importance and Dr. Scho- 
lander’s experiments seem to indicate that there 
was a greatly changed attitude on the part of his 
subjects after they had been sleeping in the cold 
for a few nights. This may be considered a major 
part of ‘Cold Hardiness’ and there seems to 
be no clear evidence from Dr. Scholander’s 
experiments that his adapted subjects showed 
any appreciable degree of nonshivering heat pro- 
duction in response to cold. I would like to ask 
Dr. Scholander if he believes that the cold 
adaptation which he observed involved a meas- 
urable degree of nonshivering thermogenesis or 
whether on the other hand he considers the 
adaptation observed more a matter of change in 
attitude. 

Dr. ScHOLANDER. I believe that the word psy- 
chosomatic very well covers what is known about 
general acclimation in man. 

I have here a question: Is it difficult to arouse 
a sleeping native aboriginal? I believe that the 
normal variation in this respect is so great in 
both whites and natives that the question must 
be left open. 

The next question is: Are adaptations of ab- 
originals genetic or environmentally induced? 
New investigations made in northern Australia 
by Dr. H. T. Hammel and associates suggest that 
both factors are involved. 

Dr. Hamme. I don’t want to take issue with 
Dr. Hardy’s comment that these differences that 
we have described may be related to habit or may 
have a psychological origin. I would like to com- 
ment on some additional measurements on these 
same people that Dr. Scholander has described. 
We returned to Central Australia in the summer 
and repeated the same thermal and metabolic 
measurements made during the winter. We 
found an identical response to moderate cold 
exposure during sleep, i.e. a somewhat greater 
body cooling (involving both the core and the 
shell) due to the absence of a metabolic response. 
In other words, the white control subjects pre- 
vented a greater body cooling by an increase of 
metabolic rate. This answers, then, the question 
as to whether the difference in the natives be 
tween the summer and winter could possibly be 
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due to a seasonal effect. There was no describable 
difference. Therefore we can say the Aborigines’ 
response to moderate cold exposure is not a sea- 
sonally induced phenomenon. Further measure- 
ments on natives made in the high tropical area 
around Darwin in the summer indicated that 
their response was intermediate between those 
of ourselves and of the central people. Probably 
the natives around Darwin are very much like 
ourselves in response to cold. Although those 
who shivered the most did not shiver as much 
as some of us did, those who shivered the: most, 
shivered more than some of us. 

Dr. ScHoLanpER. Another question to which 
I am asked to reply is: Have you noticed any 
consistent pattern or variations in oxygen con- 
sumption and body temperature at night? The 
aboriginals displayed a considerable regional sur- 
face cooling, which might well (by a Quo effect) 
have contributed to the low metabolic rate ob- 
served in many at night, but the data do not 
invite too firm interpretation on this point. 

Dr. Inez. I am asked to reply to the following 
question: In the cold-adapted animal or man, 
what are the parameters of the thyroid function 
shown to be increased, PBI? RAI? Same question 
for adrenal 17 KS, 17.0H corticoids. In respect 
to the adrenal and thyroid, all of these indices 
have been used. The early studies on animals 
were concerned with morphologic changes. When 
the animal is first exposed to cold, there is an in- 
crease in the size of the adrenal cortex. As the 
animal adapts, the adrenal regresses to a size 
which is just a little greater than normal. In my 
own laboratory we have confirmed the earlier 
observations of others on the cold-exposed rat. 
It is important to recognize that when such 
animals eat ad libitum, the intake of food may 
be greatly increased during exposure to cold, 
and the load of certain dietary factors as sodium 
and iodine can affect the histology and secretory 
activity of adrenal and thyroid. Dr. Thorn and 
his associates studied the response of human sub- 
jects to cold. Cold was not found to be an ade- 
quate stimulus for the increased secretion of 
corticoids in man. Other stressors to which sub- 
jects were exposed, surgery or emotional excita- 
tion, did bring about a change. Dr. Paschkis has 
studied thyroid function in the cold-exposed 
guinea pig more extensively than has anyone 
else. Would you care to comment, Dr. Paschkis? 

Dr. Pascukis. The work Dr. Ingle refers to 
was done by Dr. D’Angelo and myself and a 
number of our collaborators and, iz essence, what 
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we found was that in the guinea pig exposed to 
cold, adrenal size and function (the latter gauged 
by urinary corticoid excretion) increased and re- 
mained high over 6-7 weeks. This is different 
from the data Dr. Hart had on the lantern slide, 
on adrenal function in the white rat, where there 
was a very rapid return to normal. These guinea 
pigs remained high excretors over a period of sev- 
eral weeks. 

Thyroid function was also increased as evi- 
denced by increased cell height and increased ['*! 
uptake; the PBI was not elevated. I'* released 
from the thyroid gland, measured in vivo, was 
increased. The data were interpreted as indicat- 
ing increased thyroid activity and increased turn- 
over rate by thyroid hormone. 

Dr. Hart. The question which I am asked is: 
Does nonshivering thermogenesis require oxygen? 
Nonshivering thermogenesis does indeed require 
oxygen, as shown by the large increase in oxygen 
consumption when curarized rats are subjected 
to cold or to treatment with calorigenic hormones. 
The metabolism can be maintained at two to 
three times the basal level without shivering. 

The next part of the question is: Can non- 
shivering thermogenesis be diminished by render- 
ing the animal anoxic? It has been shown many 
years ago that anoxia diminishes the metabolic 
response of animals to cold environments. Cold 
thermogenesis seems to be entirely an aerobic 
process in contrast to thermogenesis from exer- 
cise. In deer mice, cold thermogenesis with an in- 
crease in oxygen consumption up to four times 
the resting rate can occur without increase in 
blood lactic acid, while in the same species exer- 
cise results in elevation of lactic acid when the 
oxygen consumption is only two to three times 
the resting rate. 

The last part of the question is: Can you char- 
nonshivering thermogenesis further? 
char- 


acterize 
Nonshivering thermogenesis has been 
acterized by the reduction in electrical activity 
of muscles when a high rate of heat production is 
maintained and by the increase in heat production 
resulting from injection of calorigenic hormones 
when rats are paralyzed by curare. Further 
characterization has been made by the experi- 
ments of Dr. Davis using diathermy. 

Dr. Davis. This is a fairly difficult question to 
answer at this stage of our knowledge, but a few 
things can be said. I think there are two sides 
to the question: first the characterization of how 
nonshivering thermogenesis is produced and 
secondly the characterization of how it is regu- 
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lated. We have concentrated our efforts on 
regulation. 

There appear to be two methods by which heat 
production is regulated in the cold-exposed rat, 
One is dependent upon changes in central tem- 
perature and the other upon changes in skin 
temperature (21). Using diathermy at the proper 
frequencies and at the proper levels of intensity, 
one can raise central temperature without chang- 
ing skin temperature (22). This would therefore 
appear to be an excellent method of separating 
peripheral regulation from central regulation, 
Using diathermy we find that the nonshivering 
thermogenesis of fully acclimatized animals can 
be separated into two more or less equal fractions: 
a fraction which is substituted by diathermy anda 
fraction which remains unaltered. Upon the basis 
of our previous diathermy and curare work on 
nonacclimatized rats (23), we feel that diathermy 
depresses oxygen consumption to the amount it 
does only because it raises central temperature. 
This substituted fraction we feel represents 
centrally regulated thermogenesis. In the non- 
acclimatized rat the remaining fraction can be 
depressed by curare and raising skin tempera- 
ture, and is therefore considered to be the 
thermogenic contribution of shivering, which 
represents peripherally regulated thermogenesis. 
In the acclimatized rat in which the nonshivering 
thermogenesis constitutes the total heat produc- 
tion of the cold-exposed animal, oxygen consump- 
tion can again be separated by diathermy into 
two fractions (24). However, the fraction un- 
altered by diathermy, although it can be de- 
pressed by raising skin temperature, is no longer 
affected by curare. Therefore, this fraction is 
considered to represent a peripherally regulated 
nonshivering thermogenesis which replaces the 
duties previously fulfilled by shivering in the 
unacclimatized rat. I feel, as does Dr. Hart, that 
muscles play some role in the nonshivering 
thermogenesis of acclimatized animals. It is diffi- 
cult for me to believe that such a large organ 
would, in the absence of shivering, become inert 
as a heat producer for the purposes of main- 
taining homeothermy in the cold. 

Dr. Nicuou. Dr. Potter has given us a stimu- 
lating presentation that will take even most bio- 
chemists quite a few hours to digest. I want to 
add a comment concerning the transaminase 
enzyme that he discussed which is altered upon 
treatment with hydrocortisone. Other treatments 
and conditions influence the activity of glu- 
tamic-pyruvic transaminase (25, 26). When rats 
were fed high-protein diets, the activity of this 
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hepatic transaminase was greatly increased, 
even in adrenalectomized animals. Other condi- 
tions associated with gluconeogenesis and the 
utilization of tissue protein were studied. In 
starved animals and ones made diabetic by 
treatment with alloxan, the activity of glutamic- 
pyruvic transaminase was increased fivefold to 
sevenfold. This increase did not occur in diabetic 
animals which were treated with insulin. Our 
interpretation of these observations is that this 
enzyme is rate-limiting in gluconeogenesis. 

Maximum response to this enzyme occurs after 
hydrocortisone treatment for several days. Such 
changes can be associated with negative nitrogen 
balance and an increased capacity to adapt to 
stress. So far, we have not observed this increased 
activity in vitro. Hydrocortisone treatment in- 
creases the activity of glutamic-pyruvic trans- 
aminase fivefold to tenfold, but has little or no 
effect on glutamic-oxalacetic transaminase which 
requires the same cofactor. It is likely that effec- 
tive regulation of metabolism involves relatively 
few rate-limiting reactions and it appears that 
such rate-limiting reactions may be critically im- 
portant in metabolic adaptations. The observa- 
tion that high-protein diets, even in adrenalec- 
tomized animals, can increase the activity of this 
transaminase indicates that a substrate-induced 
adaptation is involved. These findings may afford 
a fruitful starting point for further exploration of 
the metabolic adaptations associated with pro- 
tein utilization that were discussed here. 

Dr. Lyman. I have two questions here. One is: 
What do you consider the primary event in an 
animal entering hibernation, a) an increase in heat 
loss and secondarily a decrease in metabolic rate 
due to falling temperature or 6) a mechanism to 
‘turn off heat production,’ the temperature de- 
crease being secondary? I think that the second 
mechanism ‘to turn off the heat production, the 
temperature decrease being secondary’ is the 
important one in animals entering hibernation. I 
offer as evidence the slide I showed of the heart 
rate and the metabolic rate drop prior to the drop 
of body temperature. Dr. Landau (27) got the 
same result in ground squirrels—the animals I 
was using were woodchucks. 

The second question: Is CO: still thought to 
inhibit shivering? If so, how does a hibernator in 
a hole wake up? This goes back to Dubois’ (28) 
old theory of hibernation being caused by auto- 
narcosis—the animal going into a hole, closing 
over the burrow, and then building up CO, until 
he knocked himself out. Then one has the problem 
that is posed in this question: How does a hiber- 
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nator in a hole wake up? There has been some 
work in the microclimate of animals in holes, and 
if I remember the figures correctly, the CO, is not 
high in an ordinary animal burrow. Actually, we 
did some work on ground squirrels and hamsters 
which we exposed to varying amounts of carbon 
dioxide during hibernation (29). They are extra- 
ordinarily sensitive to CO. As little as 3% of 
CO, will cause an animal in deep hibernation to 
increase its respiratory rate. And if you increase 
the environmental CO, to about 6% or 7%, the 
hibernator works so hard respiring that it wakes 
up. So, I don’t think that CO, in the burrow has 
much effect on hibernation. 
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1. GIVES ME GREAT PLEASURE to welcome the 
speakers and the audience to this first symposium 
on mucopolysaccharides, held under the auspices 
of the American Society of Biological Chemists. 
Of course, there have been many symposia, in 
fact, of late perhaps too many, on the muco- 
polysaccharides and other hexosamine-contain- 
ing compounds, held under the auspices of vari- 
ous organizations here and abroad. I believe the 
rather small group of biochemists who have been 
laboring in this field will mark this day as a his- 
torical event, since many of us in the past have 
felt ourselves to be the poor relations in the family 
of biochemists. 

I believe I ought to give a few words of ex- 
planation for the narrow limits of the subject to 
be discussed. Originally, Dr. Stotz, to whose 
initiative we are indebted for this symposium, 
suggested as the subject—mucopolysaccharides, 
mucoproteins and mucoids. It was my contention 
that it would be impossible to cover such a wide 
range of subjects hardly more than by cataloguing 
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them in the available time. A more objective 
criterion in limiting this symposium to acid 
mucopolysaccharides of animal origin is the fact 
that in this field, in contrast to that of the 
mucoids and even in the field of most of the acid 
mucopolysaccharides of microbial origin, there 
exists now considerable information of chemical 
structure, of physical dimensions and, in part, of 
biosynthesis. In fact, it may be stated that this 
field now represents one of the best known of the 
macromolecules of animal origin. Of course, it 
should be stated here that at present we do not 
know the structures of some of the most interest- 
ing mucopolysaccharides, among them heparin, 
heparitin sulfate and keratosulfate. You will 
notice that the two last named will not even be 
discussed in this symposium. The area of ig- 
norance is still larger in the biosynthesis and the 
biological functions of the acid mucopoly- 
saccharides. It is my opinion that the mucopoly- 
saccharides will never be a highly popular field in 
biochemistry but they probably will not be 
relegated again to the insignificance and disregard 
in which they were held not so long ago. 
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ae Acip is the most widely distrib- 
uted and best studied among the nonsulfated acid 
mucopolysaccharides. It is rather surprising, 
especially in view of the diversity in structure of 
some of the sulfated mucopolysaccharides, that 
thus far no proven isomers or modifications of 
structure of the hyaluronic acid molecules have 
been encountered. As the only exception to this 
statement, one may mention chondroitin of the 
cornea, which is the galactosamine analogue of 
hyaluronate. However, this polymer has not 
been obtained free of sulfate, since all fractions 
isolated contained approximately 2% (0.16 eq.) 
of sulfate (1). It is perhaps still more surprising 
that hyaluronic acid does not appear to form 
in vivo sulfate esters, while by chemical means it 
is easy to introduce between | to 3 equivalents of 
sulfate groups (2). The absence of sulfation in 
hyaluronic acid fractions is the more remarkable 
since they occur in nature and even in tissue 
culture of fibroblasts concomitant with various 
sulfated polysaccharides (3). The only variations 
in the properties of hyaluronate are attributable 
to molecular weight, which appears to vary in 
preparations from different sources, while the 
chemical properties are identical whether the 
polysaccharide is isolated from vitreous humor, 
synovial fluid, umbilical cord, skin, aorta, strep- 
tococci or a variety of mesenchymal tumors. It 
had been established shortly after the isolation 
of hyaluronic acid, that the polymer was com- 
posed of equimolar quantities of p-glucosamine 
and p-glucuronic acid. The studies on the struc- 
ture of hyaluronic acid of our group have been 
based on a combination of chemical procedures 
with enzymatic methods. These studies began 
with the isolation of a crystalline disaccharide 
(hyalobiouronic acid) by Maurice Rapport, first 
on acid hydrolysates of digests of hyaluronate 
with testicular hyaluronidase, and later of undi- 
gested hyaluronate, in yields of about 60% (4). 
The chemical structure of this deacetylated 
disaccharide was demonstrated unequivocally as 

! Supported in part by Public Health Service 
grant. 
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3-O-(8-p-glucopyronosyluronic acid)-2-amino-2- 
deoxy-p-glucose, by converting it into a crystal- 
line acetate of glucosyl-8-p-arabinose and com- 
paring it with an acetate prepared by Zemplén 
degradation of a synthetic disaccharide of known 
structure, laminaribose (5). It had been estab- 
lished by studies of the enzymatic breakdown of 
hyaluronate that the second bond present in the 
molecule was formed by a glycosidic bond link- 
ing the glucuronide moieties to the N-acety]- 
glucosamine. The configuration of this glucos- 
aminidic bond has been based on two reactions. 
First, the formation of a A 4-5 unsaturated 
uronido-N-acetylglucosamine in practically quan- 
titative yield by the cleavage of hyaluronate by 
a number of bacterial hyaluronidases (6) and 
second, the demonstration of 2-3-dimethyl- 
glucose on hydrolysis of a permethylated and 
reduced trisaccharide, N-acetyl glucosaminyl- 
glucuronosyl-N-acetylglucosamine (7). Unsatu- 
rated disaccharides are formed presumably by an 
elimination reaction when hyaluronate (or chon- 
droitin, either obtained from cornea or after 
desulfation of chondroitin sulfate A or C) is di- 
gested by extracts of pneumococci, streptococci, 
staphylococci, Cl. Welchit or a flavobacterium 
(8). These disaccharides take up one mole of Br 
and up to two moles of Hz with Pd as catalyst, 
and, as other 6-unsaturated carboxyls, absorb at 
230 my (6). On acid hydrolysis of the unsaturated 
disaccharide p-glucosamine was isolated as the 
crystalline hydrochloride and the carbobenzoxy 
derivative. Some of the reactions of the un- 
saturated disaccharide ave shown in figure 1. 

The formation of 4::* A 4-5 uronides can only 
be explained if the glucosaminidic bonds are in 
4-position. Further indication of the 1 — 4 
position of the glucosaminidic bond in hyaluron- 
ate is provided by the following reactions carried 
out by Dr. Philip Hoffman. The starting material 
for these reactions is the tetrasaccharide ob- 
tained in over 80% yield on exhaustive hydrolysis 
of hyaluronate by testicular hyaluronidase (9). 
An identical crystalline tetrasaccharide was ob- 
tained by Alfred Linker from acid digests of 
hyaluronate as shown by a comparison of their 
infrared spectra (7). 
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Fig. 1. Reactions of the unsaturated disaccharide. 


a. Tetrasaccharide from testicular digest: U-A-U-A- — U-A-U-AH 
b. Tetrasaccharide from leech digest: A-U-A-U- wa an 8 A-U-A-UH 


4 ‘ - oe a leech y ay a 
Hexasaccharide from testicular digest: U-A-L ‘ata U-A-U- + A-U-A- 


Ca(OH 


A b ‘ ¥2 a , B-gluc id: 
Tetrasaccharide from testicular digest: U-A-U- A- a At. Seen 


A-U: 


a ‘ Sate -gl inid: . is sige ‘ - 5 
Tetrasaccharide from leech digest: A- U-A-U- nn EE (identical with tri- 
saccharide obtained in IT.) 
= glucuronic acid. A = N-acetylglucosamine. U- and A- denote reducing endgroups. AH and UH 


denote the alcohols formed by borohydride reduction from the reducing eridgroups. 


Fig. 2. Enzymatic and alkaline degradation of various oligosaccharides of hyaluronic acid. 
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Fia. 3. Structure of hyaluronic acid. 
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The identity of the two tetrasaccharides 
excludes the possibility that the product is an 
artefact. The terminal glucuronidic group of the 
tetrasaccharide is removed by digestion with 
purified 6-glucuronidase of calf liver. The re- 
sulting trisaccharide is permethylated, the 
COOH group esterified and reduced with LiAl 
hydride. The dimethylglucose obtained after 
hydrolysis by paper chromatography was identi- 
cal with 2-3-dimethylglucose and differed from 
2-4-dimethylglucose, indicating that the N-acetyl 
glucosamine in hyaluronate is linked in 1 — 4 
position. The 6-configuration of this bond had 
previously been established by enzymatic cleav- 
age (10). Thus hyaluronic acid is a straight chain 
polymer composed of alternating B 1 — 3 glu- 
curonidic and 1 — 4 glucosaminidic bonds. In no 
casc has there been any indication of branching 
or of any other deviation from this composition 
and structure, no matter what the source of the 
polymer. 

Until recently we had only considered that 
N-avetyl hyalobiuronic acid was the repeating 
unit and presumably the monomer from which 
hyaluronic acid would arise biosynthetically. 
This .» .mption was based on the preferred 
cleavage uf the hexosaminidic bond both by H* 
or by hyaluronidases. The repeating unit and the 
biosynthetic intermediate, of course, could 
equally well be the N-acetylglucosaminido- 
glucuronic acid. This isomer and oligomers of this 
disaccharide have recently been prepared. On 
exhaustive digestion of hyaluronate by an extract 
of the medicinal leech, a tetrasaccharide is 
obtained as the main product in which glucuronic 
acid is the reducing and N-acetylglucosamine the 
nonreducing end group (11). Furthermore, the 
corresponding disaccharide has been prepared 
from the ‘normal’ tetrasaccharide mentioned 
previously. On treatment with lime water the re- 
ducing N-acetylglucosamine end group is cleaved 
by Ca(OH): at room temperature. The glucuronic 
acid of the resulting trisaccharide which is stable 
to alkali under these conditions, is removed by 
6-glucuronidase, thus giving 4-O-(6-D-2 amino-2- 
deoxyglucopyranosyl-)-glucuronic acid, shown in 
figure 2. 
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It has been shown by these reactions that the 
hyaluronidase of the leech is an endoglucuroni- 
dase, while all other hyaluronidases are endo- 
hexosaminidases. It is of considerable interest for 
the study of the mechanisms of these enzymes 
that the leech enzyme does not split the chondroi- 
tins, i.e. that it is specific for the glucosamine 
configuration, while the other hyaluronidases 
split hyaluronate or the chondroitins related to 
or derived from ChS A or C equally well. 

The last figure summarizes the structure of 
hyaluronic acid (fig. 3). The degree of polymeriza- 
tion may vary from fractions having molecular 
weights of approximately 20,000 or lower as 
found in vitreous humor to fractions of molecular 
weights of several millions as isolated from group 
A streptococci or from a liposarcoma. It cannot 
be excluded, however, that these fractions of 
ultrahigh molecular weights contain a few non- 
glycosidic linkages more labile than the glycosidic 
bonds. 

In summary, hyaluronic acids of whatever 
source are nonbranched polymers formed by 
alternating 8 1-3 glucuronidic and 6 1-4 glucos- 
aminidic bonds. 
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CHONDROITIN SULFATES! 


P. Horrman, A. LINKER AND K. MEYER 


From the Department of Medicine, Columbia University, and the Clinic, Presbyterian Hospital, New 
York City 


A DISCUSSION of the structures of the chondroi- 
tin sulfates A, B, and C is of importance, since 
there is a prevailing tendency, particularly in 
textbooks, to accept structures as established 
which had been presented on the basis of inade- 
quate evidence. 

The purpose of this talk will be to outline the 
evidence which establishes the structures shown 
in figure 1 for the chondroitin sulfates. Hyaluron- 
ate, which can be seen to be closely related 
structurally, is also shown for comparative 
purposes. 

Chondroitin sulfate A has been known for 
almost a century, being isolated from cartilage 
in 1861 by Fischer and Boedeker (1). C was 
first isolated in 1936 by Meyer and Palmer (2) 
from umbilical cord and B was isolated in 1941 
from skin by Meyer and Chaffee (3). 

Little progress was made for about 90 years 
in the elucidation of the structure of A, though 
everything from a nonreducing tetrasaccharide 
to a highly branched polymer was proposed. 
Even the monosaccharide components were not 
confirmed until Stacey and co-workers obtained 
a known crystalline derivative of p-glucuronic 
acid in 1944 (4) and showed that crystalline 
chondrosamine was identical with synthetic 
p-galactosamine in 1945 (5). 

In 1952, Wolfrom, Madison and Cron (6) 
erroneously assumed that the disaccharide chon- 
drosine, obtained by the acid hydrolysis of A, 
contained the glucuronic acid moiety on the 
reducing end, as had been postulated earlier by 
Levine, and their derivation of the 1 ,4-hexos- 
aminidic linkage was invalid, though later work 
establishes this linkage. However, a corrected 
interpretation of their results supports the 8-1 ,3- 
glucuronidic linkage which Davidson and Meyer 
established. 

Davidson and Meyer (7) showed that the chon- 
drosine derivative which Wolfrom et al. had 
studied gave the calculated carbazole value for 
uronic acid and no hexosamine value, establishing 


1 Supported in part by Public Health Service 
grant. 


it as a glucuronosylgalactosaminitol, that is, with 
the glucuronic acid moiety on the nonreduc- 
ing end. In view of this, the crystalline derivative 
that Wolfrom et al. obtained after the con- 
sumption of 2 moles of periodate with the forma- 
tion of 1 mole of formic acid and 1 mole of formal- 
dehyde is in complete accord and only consistent 
with a 1 ,3-glucuronidic linkage in chondrosine. 
Davidson and Meyer also reduced chondrosine 
to a _ glucosylgalactosaminitol. This yielded 
crystalline glucose pentaacetate, again con- 
firming that the glucuronic acid is the nonre- 
ducing component in chondrosine. This also 
yielded glucose on treatment with 6-glucosidase, 


establishing that the glucuronidic linkage is beta. 


Davidson and Meyer (8) established the 1 ,3- 
glucuronidic linkage by completely consistent 
periodate results obtained on a derived glucosyl- 
pentitol. Hence, the view recently expressed that 
the glucuronidic linkage is not established is not 
due to any inconsistency in experimental results 
but is due to an error of interpretation. 

Several laboratories have shown that with a 
large excess of periodate chondroitin sulfate A 
slowly consumes | mole, and Wolfrom, Madison 
and Cron (6) demonstrated that the isolated 
product after 1 mole of periodate had been 
consumed gave no-carbazole reaction for uroni¢ 
acid but still gave a positive hexosamine reaction 
and still contained acid hydrolysable sulfate. 

This indicates that a glycol grouping was 
oxidized in the uronic acid moiety, and, hence, 
that the C-3 of the uronic acid cannot be tied 
up in glycosidic linkage, C-2 or C-4 being the 
remaining alternatives. Also, since no available 
hydroxyl remains in the uronic acid moiety after 
periodate oxidation, the sulfate ester must occur 
in the galactosamine moiety. We have confirmed 
that the sulfate ester is in the galactosamine 
moiety by cleaving the tetrasaccharide’ from A 
with §-glucuronidase and obtaining free glu- 
curonic acid and a trisaccharide containing two 
galactosamine sulfate moieties and one glu- 
curonic acid (9). 

We have accumulated enzymatic evidence 
that the hexosaminidic linkage occurs through 
the C-4 of the uronic acid. 
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Fig. 1. Structures of the chondroitin sulfates and hyaluronic acid (ChS = chondroitin sulfate; HA = 


hyaluronic acid). 


Weissmann (10) has shown that when hyalu- 
ronate is cleaved by testicular hyaluronidase, 
transglycosylation occurs with many hexosamini- 
dic linkages being cleaved and reformed in the 
process. We have demonstrated that the same 
hexosaminidic linkage is formed in the trans- 
glycosylative process that is present in the 
polymer, by isolating identical crystalline tetra- 
saccharides from enzymatic and mild acid hy- 
drolysis (9). 

In digesting mixtures of A and hyaluronate 
with testicular hyaluronidase hybrid oligosac- 
charides are obtained in which transglycosyla- 
tion has occurred between units of both polymers 
as the oligosaccharides isolated contain alter- 
nating N-acetylchondrosine sulfate and N- 
acetylhyalobiuronic acid units. The same results 
are obtained from mixtures of chondroitin sulfate 
C and hyaluronate. It is reasonable to assume 
that the same hexosaminidic linkage is cleaved 
and reformed in hyaluronate, A and C, in the 
transglycosylation process, since the same enzyme 
is involved. 

Though, with testicular hyaluronidase, the 
rates of cleavage of A and C are slower than that 
of hyaluronate, the rates become similar when 
chemically desulfated A or C or the naturally- 
occurring chondroitin of low sulfate content from 
cornea is used. 

The strongest evidence for a C-4 hexosaminidic 
linkage is provided by the action of bacterial 
enzymes. As Dr. Meyer has demonstrated in the 


previous talk, streptococcal or pneumococcal 


hyaluronidases attack hyaluronate with the 
production of a A 4-5 glucuronido-acetylglucos- 


amine which contains an a-6 unsaturated car- 
boxyl group. Though A or C are resistant to these 
enzymes due to the inhibitory effects of the 
sulfate ester group, the desulfated chondroitins 
are attacked at a similar rate to that of hyaluron- 
ate and yield A 4-5 glucuronidoacetylga!lactos- 
amine. Furthermore, the flavobacterium -en- 
zymes isolated by Korn, which yield the same 
disaccharide with hyaluronate as the other 
bacterial enzymes (11), are not inhibited by 
sulfate ester and attack both A and C. Both sul- 
fated and desulfated A 4-5 unsaturated disac- 
charides have been isolated. The appearance of 
unsaturation is most likely due to the elimina- 
tion of a C-4 linked hexosamine moiety and 
would certainly be difficult to explain if the 
hexosaminidic linkage were on C-2. 

I would like to review briefly the known 
differences of the chondroitin sulfates before 
any structural evidence was available. The opti- 
cal rotations and alcohol solubilities were re- 
producibly different particularly when the poly- 
saccharides were not admixed in the same tissue, 
but as these properties are influenced by molec- 
ular size they could not be considered as proof of 
structural differences. B could be chemically 
differentiated from A and C by its resistance to 
testicular hyaluronidase. This was not due to 
inhibition of the enzyme, since A and C were 
digested in the presence of B. All three contained 
the same hexosamine, galactosamine. The uronic 
acid in all three was shown to be equimolar to the 
hexosamine by the accurate CO. method, but 
P gave a low color value with the carbazole 


uronic acid method and the orcinol -method 
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gave slightly elevated values, and the difference 
between B and the other two appeared to be due 
to the uronic acid. B was hydrolysed by mineral 
acid at a faster rate than A or C. The linkage 
resistant to hydrolysis in A and C, as in hyaluron- 
ate, is the glucuronidic linkage, as a glucuronido- 
hexosamine is obtained in high yield from all 
three and no trace of a disaccharide with the 
uronic acid on the reducing end has ever been 
found after acid hydrolysis. When B is hydrolysed 
under equivalent conditions, paper chromato- 
grams indicate that larger amounts of monosac- 
charides are formed and, therefore, that the 
uronidic linkage is not as resistant to acid 
hydrolysis. The sulfate esters are cleaved at the 
same rates in all three and as the rate of sulfate 
cleavage is faster than glycosidic cleavage it is 
not likely that the sulfate was responsible for the 
difference in uronidic cleavage. 

These results could be reasonably explained 
by the presence of a different uronic acid in B. 
We determined the carbazole and orcinol values 
of all the available uronic acids, using glucurone 
as the standard, and three were found with low 
carbazole values, guluronic, iduronic and man- 
nuronic (12). 

B was hydrolysed with Dowex 50 in the hydro- 
gen form, as this does not degrade the uronic 
acids as rapidly as mineral acid does, and the 
hydrolysis mixture was fractionated on a Dowex 
1 x 1 anion exchange column. A fraction was 
obtained which was eluted at the glucuronic 
acid peak level and had all the characteristics of 
a uronic acid. On paper chromatograms this 
material gave a spot at the iduronic acid level. 
The disaccharide, which was the major fraction 
isolated, was crystallized from aqueous ethanol 
and gave the correct carbazole/orcinol ratio for 
iduronic acid. The hydrolysed disaccharide 
yielded only spots for iduronic and hexosamine 
on paper chromatograms. Small amounts of a 
second disaccharide were isolated which gave the 
correct ratio for glucuronic acid and undoubt- 
edly was due to the contamination of B with 
another polysaccharide. 

Uronic acids show distinctive acid-lactone 
patterns on paper chromatograms. The synthetic 
and isolated iduronic acids were indistinguishable 
in four different solvent systems and also in paper 
electrophoresis at varying pHs. Ciffonelli, 
Ludoweig and Dorfman have presented evidence 
which confirms the presence of iduronic in B 
(13). A paper is being presented at this meeting 
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by Jeanloz and Stoffyn indicating that the idu 
ronic acid of B has been characterized as LE 
iduronic by the isolation of a crystalline deriva. 
tive. 

p-Glucuronic and L-iduronic are C-5 epimers, 
differing only in their configuration about C-5; 
the same relationship shown by b-mennuronie 
and t-guluronic which have recently been isolated 
admixed in alginic acid (14). Nothing is known 
about the biosynthesis of these C-5 epimerie 
uronic acids. Though t-iduronic is configura- 
tionally related to L-ascorbic, injection of labeled 
ascorbic into the guinea pig does not introduce 
any label into B and it is very improbable that 
ascorbic is involved in the biosynthesis of B. 

A major point to be settled is whether the 
epimerization occurs in the hexose, possibly 
through the isomerization of an intermediate 
similar to glucose-galactose interconversion, or 
whether the epimerization occurs in the uroni¢ 
acid. 

The structural difference between A and © 
remained intangible for a long time. No differ- 
ence in enzymatic activity could be observed with 
all enzymes tried and the crystalline disaccha- 
ride chondrosine was obtained in high yield from 
both A and C. However, the isolation of A from 
a chondrosarcoma and C from a chordoma (15) 
as the only mucopolysaccharide present in each 
case strongly indicated that real differences exist. 
Evidence that A and C were distinctive molee- 
ular entities was supplied by the infrared studies 
of Orr (16). Orr assigned certain bands in the 
700-1000 wave number region to C-O-S absorp- 
tion. He related the absorption pattern in C to 
that which appeared in chemically sulfated 
hyaluronate and assigned an equatorial sulfate 
to C. He attributed the different absorption 
pattern of A to the presence of an axial sulfate. 

Mathews (17) recently published the infrared 
spectra of A, B and C. A and B showed similar 
absorption patterns, and, as is being reported at 
this meeting by Jeanloz and Stoffyn, methylation 
studies have established that B contains a galac- 
tosamine-4-sulfate. Hence, A was also postulated 
to contain a galactosamine-4-sulfate. It was sug- 
gested that C contained a _ galactosamine-6- 
sulfate. 

We had arrived at the same conclusions from 
an independent study of the spectra of A, B and 
C and had extended the study to confirra the 
hypothesis. The infrared spectra of the tabulated 
compounds (table I) were obtained. A, B and C 
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TABLE 1. ANALYTICAL VALUES OF COMPOUNDS FROM WHICH INFRARED SPECTRA WERE OBTAINED 




















COMPOUND Melani uronic acid 
amine | carbazole | orcinol| C/O | SO, | [eC J, 

Chondroitin sulfate A 26 34 22 1.5 14 -32 
- ee. 26 18 39 +46 | 15] -60 
. ’ Cc 29 37 2k 1.8 14 -12 
Desulfated A 31 kl 29 1.4 0 -27 
: B 31 28 53 53 Oo} -41 
¥ Cc 31 43 28 1.5 .e) -21 
Corneal chondroitin 31 ko 27 1.6 2 -37 
Tetrasaccharide from A ak 31 21 1.5 16 “9 
" " ¢ 23 31 20 1.6 |e ae 




















were desulfated by Shubert’s method (18), 
yielding non-dialysable products which con- 
tained no detectable sulfate. As I have men- 
tioned, desulfated A and C were hydrolysed by 
testicular and streptococcal hyaluronidase at 
similar rates to those of hyaluronate or corneal 
chondroitin, which is listed in the table. Desul- 
fated B containing L-iduronic acid is resistant to 
these enzymes. This, in conjunction with the 
tabulated analyses, indicates that desulfation 
was the only reaction that had occurred. 

The tetrasaccharides from A and C were 
obtained by exhaustive digestion of A and C 
with testicular hyaluronidase. The tetrasac- 
charides, as is the case with hyaluronate, are the 
major end products and were isolated from an 
anion exchange column. Treatment of the tetra- 
saccharides with liver 6-glucuronidase yielded 
free glucuronic acid and sulfated trisaccharides 
with identical R¢ values—establishing that the 
sulfate is on the galactosamine in C as well as 
in A. 

The spectral differences in A and C, attributed 
to sulfate absorption by Orr, were maintained in 
the spectra of the tetrasaccharides. In order to 
obtain chondrosine from the tetrasaccharides, 
sulfate and acetyl must be removed and the 
hexosaminidic bond must be cleaved. Since the 
evidence based on enzymatic studies, particularly 
the production of A 4-5 unsaturated disaccharides, 


strongly indicates the same hexosaminidic linkage 
in both, different sulfate linkages is the only 
reasonable explanation for the spectral differ- 
ences. Conclusive evidence was also obtained 
from the desulfated polysaccharides. These 
yielded spectra in which the absorption bands 
assigned to C-O-S are absent and which were 
remarkably similar to the spectrum of corneal 
chondroitin. A weak 788 wave number peak 
which is not present in the spectra of the sulfated 
polysaccharides was the only prominent peak in 
the 700-1000 wave number region. The major 
difference was a weak sulfate peak in the corneal 
chondroitin spectrum at the 1250 wave number 
region which was due to the 2% sulfate present. 
This is one of the strongest absorbing peaks in 
the spectra of the sulfated compounds and is 
completely remcved by chemical desulfa\: n. 
This establishes that the spectral differences are 
due to the sulfate groups. 

The sulfate of B is firmly fixed on C-4 of the 
galactosamine by the methylation studies of 
Jeanloz and Stoffyn (19). Therefore, A is also 
fixed with an axial C-4 sulfate. Even if C were 
not related spectrally to polysulfated hyaluron- 
ate, it would be reasonable to assign its sulfate to 
the C-6 of the galactosamine as the only available 
position. A, B and C contain 6-1 ,3-uronidic 
linkages established by the isolation and char- 
acterization of crystalline chondrosine from A 
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and C and the methylation studies on B by 
Jeanloz and Stoffyn. Studies now in progress in 
our laboratory indicate that Korn’s flavobac- 
terium enzymes produce the identical A 4-5 
uronido-hexosamine from A, B and C which 
would conclusively establish a 6 1 ,4-hexosaminidic 
linkage for all three. The configurational differ- 
ence between the L-iduronic acid of B and the 
p-glucuronic acid of A and C is eliminated in the 
unsaturated disaccharide. Hence, from the best 
available evidence, it would appear that hyalu- 
ronate and the chondroitin sulfates contain 
identical glycosidic linkages and differ only in 
C-4 or C-5 epimerization or in the sulfate ester 
group in the manner indicated in figure 1. 
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STRUCTURE OF HEPARIN! 


Rocer W. JEANLOZ? 


From the Massachusetts General Hospital, Boston, Massachusetts 


Diigls HEPARIN was isolated in 1922 (1) 
and has been one of the most extensively studied 
aminosugar-containing acidic polysaccharides, 
its complex chemical structure is still one of the 
least understood. Since the progress in this di- 
rection has been the subject of a recent excellent 
review (2) and since our laboratory has not yet 
worked in this field, I thought it would be more 
appropriate to attempt a critical evaluation of 
the results obtained to date than to present 
another review. A very brief examination will 


1 This is publication No. 237 of the Robert W. 
Lovett Memorial Foundation for the Study of 
Crippling Disease, Department of Medicine, 
Harvard Medical School and the Medical Services 
of the Massachusetts General Hospital, Boston, 
Mass. 

2Special investigator of the Arthritis and 
Rheumatism Foundation. 


show that the complexity of the problem had 
greatly hindered the use of methods, such as 
enzymatic degradation or methylation proce- 
dures, which were applied with success in the 
elucidation of the chemical structure of other 
mucopolysaccharides. Another consequence of 
the difficult chemistry is that most of the recent 
work is of a preliminary nature and results have 
been published only in short notes or review 
articles. 

The lack of good criteria has always hampered 
purification of the sulfated mucopolysaccharides. 
Their strong negative charge and broad molec- 
ular weight spectrum makes any type of frac- 
tionation difficult. In the case of heparin, the 
anticoagulant property has been regularly used 
as a test for purity. However, a polysaccharide 
possessing a definite anticoagulant effect, 6- 
heparin, has been isolated from lung by Marbet 
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and Winterstein (3) and was shown to be identi- 
cal with chondroitin sulfate B isolated from skin 
(4); it possesses a chemical structure very dif- 
ferent from heparin (5). Consequently, it seems 
safer to use a chemical definition for the class of 
heparins and I would propose the following: 
‘Dextrorotatory sulfated polysaccharides com- 
posed of p-glucosamine and p-glucuronic acid 
residues.’ By using this definition, it becomes 
evident that the heparins possessing various 
degrees of sulfation, like “heparin monosulfate”’ 
(6), heparitin sulfate (7) and the polysaccharides 
isolated from patients with Hurler’s syndrome 
(8-11), all belong to the same class of com- 
pounds. 

It is of interest to evaluate the identification 
of the components of heparin in the view of the 
recent discovery of L-iduronic acid in 6-heparin 
(5, 12, 13) and the demonstration of D-mannosa- 
mine as a part of the skeleton of neuraminic 
acid (14, 15). 

The crystalline hydrochloride of pD-glucosa- 
mine has been isolated from the hydrolyzate of 
heparin (16). A reinvestigation of this hydrol- 
yzate by paper chromatography, using the 
method based on degradation with ninhydrin 
(17), has failed to show the presence of another 
aminosugar (unpublished observations). How- 
ever, it should be kept in mind that the method 
used does not differentiate glucosamine from 
mannosamine. 

p-glucuronie acid cannot be isolated directly 
from the hydrolyzate of heparin because of de- 
carboxylation in the presence of strong acids. 
The best indirect evidence of its existence has 
been its transformation into p-glucaric acid, in 
40% yield, by the action of bromine and sulfuric 
acid on the polysaccharide (18). This yield is in 
good agreement with the 50% yield obtained in 
work done in a parallel manner on chondroitin 
sulfate (19). However, the mechanism of the 
reaction based on the oxidative splitting of the 
glycoside linkage is still obscure, especially since 
Foster and Vardheim (20) have shown very 
little production of p-gluconic acid after treat- 
ment of methyl a-p-glucopyranoside with the 
same reagents. Another problem concerning the 
uronic part of heparin is the very high value 
obtained in the reaction with carbazole, com- 
pared with the values obtained with other muco- 
polysaccharides (21). It is not yet clear whether 
the a-glycoside linkage or the sulfate groups are 
responsible for this discrepancy. 
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The first evidence of a type of linkage un- 
known in polysaccharides of biological origin 
was suggested by the absence of acetyl groups 
(22, 23). Further studies of biological inactiva- 
tion by dilute acid (24), of the release of sulfate 
ions and amino groups (25) and preparation of a 
nitrosoheparin (26) established conclusively the 
presence of the sulfamic linkage. This evidence 
was obtained with heparin samples possessing a 
high biological activity, which means having a 
high concentration of sulfate esters. The recur- 
rence of data in the literature reperting the 
presence of a certain number of acetyl groups in 
some samples of heparin (27) could be explained 
by contamination with heparins of a low sulfate 
content, known to possess the N-acetyl group- 
ing (6-11). 

From the biochemical problems suggested by 
the presence of a N-sulfate group in the heparin 
molecule, a number of questions arise: does the 
biological N-sulfamylation take place in the high 
polymer molecule or in the low molecular weight 
intermediate? Since the onlv polymers of p- 
glucosamine-N-sulfate isolated up to now have 
a-linkages, whereas most of the N-acetylated 
possess $-linkages, is the substituent on the 
amino group responsible for the specificity of 
the substrate? No N-sulfate derivative of p- 
galactosamine has been reported up to the 
present. Is p-glucosamine specific toward the 
enzyme system responsible for N-sulfamylation? 

The position of the O-sulfate groups has not 
been established as yet. Whereas the results of 
acid hydrolysis indicates a very fast hydrolysis 
of the sulfate ester linked to the amino group, 
one of the two remaining sulfate groups seems 
to be much more stable. A possible explanation 
is the participation of the newly formed amino 
group in the stabilization of one of the remaining 
sulfate esters. Work on the product resulting 
from the partial hydrolysis is of little help, be- 
cause of the extensive degradation of the poly- 
mer molecule. An interesting step toward the 
resolution of the location of the sulfate group 
has been made by Wolfrom and associates (28) 
in the preparation of sulfate esters of p-glucosa- 
mine, in order to study their hydrolysis. How- 
ever, the influence of the neighboring uronic 
acid part still remains to be established; also 
there is no definite proof of the absence of a 
sulfate group in the glucuronic moiety. The 
removal of the O-sulfate group by a mild proce- 
dure, like the one described by Kantor and 
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Schubert (29), 
heparin. 

The first attempt: to establish the chemical 
structure of heparin was published in 1950 by 
Wolfrom and associates (30). Since the experi- 
mental data have not been published as yet, it 
is not easy to evaluate this work with fairness. 
The determination of the structure was based 
on the periodate oxidation of various inter- 
mediates in the hydrolytic degradation of 
heparin (fig. 1). A general criticism of this pro- 
cedure may be made, to the effect that the re- 
sults of periodate oxidation greatly depend on 
the reaction conditions. In addition, the first 
step involving the removal of the sulfate esters 
with concentrated sulfuric acid and acetic anhy- 
dride would certainly cause a degradation of the 
polymer, and consequently makes uncertain 
the interpretation of the periodate oxidation. 
Final acid hydrolysis afforded an amorphous 
disaccharide (heparosin sulfuric acid) which was 
subsequently N-acetylated. Oxidation of both 
final products was studied with concomitant 
analysis of the released products and of the un- 


has not been reported as yet for 
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affected parts. The presence of a remaining 
sulfate group in the disaccharide is surprising in 
view of the data on the sulfate ester release by 
acid in the glucosamine molecule (28). Could 
the amorphous product contain adsorbed sul- 
fate, or could the sulfate group be located in the 
glucuronic part? Such conclusions would not 
agree with the reported properties of heparosin 
sulfuric acid, and it should be kept in mind that 
one sulfate group of heparin is quite resistant to 
acid hydrolysis. 

Since the hydrolyzed material ({a] + 76°) 
contains a N-acetyl group, it is questionable if 
the glucuronidic linkage is the first to be split. 
In hyaluronic acid (31) and in chondroitin sul- 
fate (32, 33), it was the hexosaminidic linkage 
that was split first. However, this linkage was 
of the 6 type in the latter two mucopolysac- 
charides, but in heparin it is of the a type which 
is four times more resistant (34). 

It is of interest to note that despite these 
various criticisms, the formula proposed by 
Wolfrom and associates bears a striking resem- 
blance to the formula proposed for hyaluronic 





























Mol f ioda’ i ee 
Product on per disaccharide Carbohydrate moiety oxidised and product 
Heparin 0.5 
Desulfation (Sulfuric acid and 
{ acetic anhydride) 
Product [a] + 16.5° (in chlf.) 
| Alkaline Hydrolysis (Barium 
{ methoxide) : . 
Product [a] + 76° (in water) 1.0 Hexuronic moiety 
‘oe (0.5 N Sulfuric acid, 
es 18 h.) 
CH,0OH ng 
Heparosin Sulfuric Acid 3.0 Hexuronic and hexosamine moieties 
| N-Acetylation 1.0 mole formic acid 
CH,0OH gong 
2.0 Hexuronic moiety 1.0 mole formic 
-$0;0 acid 
NHCOCH; 





Fic. 1. Periodate oxidation of heparin and of its degradation products (30). 
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acid (31, 35), chondroitin sulfuric acid (32, 33) 
and 6-heparin (5); namely, a polymer possessing 
an uronic moiety linked to the position 3 of the 
hexosamine moiety. 

A more recent approach to the determination 
of the chemical structure of heparin has been 
based on the study of the hydrolysis of various 
derivatives of p-glucosamine (34). Weak acid 
hydrolysis splits first the sulfamido group with 
formation of a polysaccharide possessing free 
amino groups and consequently a-hexosaminido 
linkages that are very resistant to further hy- 
drolysis. The desulfated heparin thus obtained 
was called w heparin (2), (fig. 2). In this formula, 
the position of the eventually remaining sulfate 
groups is not shown and the location of the 
linkages between components is based on 
Wolfrom’s previous data. 

Preliminary work on W heparin has shown the 
possibility of obtaining a disaccharide of the 
heparosin type (2), but its isolation has not 
been reported as yet. Another promising line of 
research lies in the action of nitrous acid, which 
transforms either anomer of methyl 2-amino-2- 
deoxy-p-glucopyranoside (36) or deacetylated 
chitin (chitosan) (37) into 2,5-anhydro-p- 
mannose. In both cases, the glycosidic bond 
vicinal to the amino group is broken and a 
mechanism for this reaction has been advanced 
(36). It is to be expected that a disaccharide of 
the type reported in figure 3 would be obtained 
in the degradation of Y heparin by nitrous acid. 
Unfortunately, preliminary experiments have 
given only mixtures of compounds from which 
it was possible, however, to ascertain that the 
broken bond was of the a type (38). 
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00H CH, OH 
° 0 
CHO 
wl 1H 0 b 
H 
r 
H 


Fia. 3. Disaccharide resulting from the degrada- 
tion of y-heparin with nitrous acid. 
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It is quite evident that the methods discussed 
here could be applied without modification to 
the low sulfated heparins (heparin monosulfate, 
heparitins, etc.), with the added advantage that 
this type of material would be much more 
readily available than the high-priced heparin. 
However, it is not at all certain that the con- 
clusions obtained with one type of compound 
could be applied as such to the other ones. 

The methods available at the present and 
tested successfully with the levorotatory type of 
mucopolysaccharides (hyaluronic acid, chon- 
droitin sulfate, 8-heparin), coupled with the 
methods devised especially for the heparin type 
of substance, should certainly bring in the near 
future a solution to the problem of the chemical 
structure of heparin. 
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OF HYALURONIC ACID: 


UNDRE A. BALAZS 


From the Retina Foundation, Department of Ophthalmology of the Massachusetts Eye and Ear Infirmary, 
and Harvard Medical School, Boston, Massachusetts 


I. stupYING the physicochemical characteris- 
tics of a polymer-type macromolecule, a constit- 
uent of solid tissues, the basic questions are: 
1) What changes, if any, has the molecule under- 
gone in the course of the preparation procedure? 
2) How representative is the purified sample of 
the macromolecules of the tissue? Since hy- 
aluronic acid is a building block of connective 
tissue, these points must be considered in study- 
ing its molecular parameters. 

The two questions propounded cannot be 
answered at the outset of such a study, and 
therefore, certain assumptions must be made. 
One is that the purified polysaccharide, free of 
all proteins, is the molecular entity on which 
physicochemical studies should be carried out. 
Another assumption is that by removing all of 
the proteins one may break up a naturally- 
occurring molecular complex, the physicochemi- 
cal characterization of which is of primary 
importance. The former stresses the purification 
process and is less concerned with possible 


1 This investigation was supported by a research 
grant (B-1146) from the National Institute of 
Neurological Diseases and Blindness, Bethesda, 
Md. 

2 Paper 70, Retina Foundation. 


degradation in the course of preparation and 
with the yield of the method. The latter em- 
phasizes the importance of a mild preparation 
method and disregards the consideration that 
physicochemical studies should, preferably, be 
made only on molecular entities which have 
been chemically well characterized. Both schools 
of thought are well represented in the literature 
of the last ten years on the physical chemistry of 
hyaluronic acid. 

Since hyaluronic acid can be prepared free of 
proteins, with a fairly high degree of poly- 
merization retained, this discussion will deal 
with the physical chemistry of this pure poly- 
saccharide. The purity of the hyaluronic acid 
preparations used in the studies reviewed in 
this paper was tested by hexcsamine, hexuronic¢ 
acid and nitrogen determinations. In general, 
when the hexosamine-hexuronic acid molar 
ratio is close to one and the nitrogen content is 
not much higher than would be expected from 
the hexosamine content, it is assumed that the 
preparation is protein-free. Preparations with a 
protein content of up to 5% were often used for 
physicochemical studies. This protein content 
was calculated on the assumption that the non- 
hexosamine nitrogen represents proteins which 
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contain 16% nitrogen. Sulfur and galactosamine 
determinations were also used to check the pres- 
ence of sulfated polysaccharides. Several physico- 
chemical investigations were reported on 
preparations which contained up to 7% of un- 
identified sulfated polysaccharides. Many more 
were never checked for the presence of this 
possible impurity. 

The significance of the presence of proteins 
in an amount of less than 5%, from the view- 
point of molecular configuration, is unknown. 
There is no way to tell, at this time, what the 
high nitrogen content in some preparations 
indicates. It may result from incomplete hy- 
drolysis before hexosamine determination or 
from other errors in hexosamine analysis. It 
may originate from the presence of bacteria or 
from proteins completely unrelated to the poly- 
saccharide. On the other hand, it may represent 
polypetide bridges cross-linking the polysac- 
charide chains. 

Our present knowledge about the physical 
chemistry of hyaluronic acid will be reviewed in 
a discussion of such molecular parameters as 
weight, dimensions, shape, volume and hydra- 
tion. The charge effect on the structure of this 
acidic polymer and its interactions will be men- 
tioned briefly. 


MOLECULAR WEIGHT 


The molecular weight of hyaluronic acid is 
within the range of 50,000 to 8 x 10°, depending 
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on the source and on the methods of prepara- 
tion and determination. The lowest polymer is 
that prepared from the bovine vitreous body, 
which gives a weight average molecular weight 
of less than 1 x 10°. Hyaluronic acid prepared 
from bovine synovial fluid, human rheumatoid 
arthritic synovial fluid, human umbilical cord, 
pig skin and rooster comb exhibits a weight 
average molecular weight of well over 1 x 10°. 

Whether or not the hyaluronic acid prepared 
represents the average molecule of the tissue 
depends greatly on the yield of the method of 
preparation and on how well the total molecular 
population is represented in the sample. In order 
to evaluate the hyaluronic acid preparation 
from this aspect, one must know its concentra- 
tion in the tissue. Such an evaluation can be 
made only on the bovine vitreous body because 
of lack of data on other tissues. 

Molecular weight determinations on _hy- 
aluronic acid prepared from the bovine vitreous 
body have been reported by various authors, 
using the methods of osmotic pressure, sedi- 
mentation-diffusion and light scattering (table 
1). The methods of preparation used to obtain 
pure hyaluronic acid from various tissues can be 
divided into two types: One is the removal of 
the proteins present in the tissue or in the tissue 
extract by means of proteolytic enzyme treat- 
ment, by selective precipitation or by extraction 
methods. The other is based on the fact that the 
electrophoretic mobility of hyaluronic acid is 


TABLE 1. MOLECULAR WEIGHT OF HYALURONIC ACID PREPARED FROM BOVINE VITREOUS BODY 





























Molecular Weight X 10-3 
. Approx. Yield 
Methods of Preparation PP % Osmotic Sedimentation, Light Scattering Reference 
Pressure (My)* | Diffusion (Mw)t (Mw)t 
Removal of proteins by 
Chloroform extraction 20-30 245 500 (10) 
Acid resin and NaCl precipitation 50-60 87 340-500 (4, 8, 18) 
(13) (4, 8) 
Xylene sulfonate precipitation 20-30 296 1270 (10, 11) 
(10) (11) 
Enzymatic hydrolysis 
Pepsin-trypsin, trichloro-acetic 100 57 (10) 
acid precipitation : 
Papain, cetylpyridinium 100 300 (4, 8) 
Pancreas extract, trichloro-acetic 270 (35) 
acid precipitation 
Removal of hyaluronic acid 
Electrophoresis 178 (12) 
Electrodeposition 220 680 (10) 
*M., = number average molecular weight. tM, = weight average molecular weight. 








1088 


greater than that of most proteins. Separation of 
hyaluronic acid from the vitreous body and from 
synovial fluid by electrophoresis was first re- 
ported by Blix (1). However, he did not use 
electrophoretically prepared hyaluronic acid for 
physicochemical studies. Varga and Gergely 
(2) prepared hyaluronic acid from the bovine 
vitreous body, and this preparation was used for 
extensive physicochemical studies. The ad- 
vantage of the electrophoretic separation method 
is that, most likely, the distribution of the 
molecules is the same in the purified fraction as 
in the tissue extract. The disadvantage of this 
method is that hyaluronic acid cannot be sepa- 
rated from sulfated mucopolysaccharides, which 
have a greater electrophoretic mobility than 
hyaluronic acid itself. 

A new separation method, called electrodepo- 
sition, has been described recently by Rose- 
man and Watson (3). This method is also based 
on electrophoretic mobility, but uses electro- 
dialysis machines and collects the hyaluronic acid 
which accumulates as a paste on the dialysis 
membrane toward the anode. The a /antages 
of this method over electrophoretic separation 
are that large volumes can be handled and the 
sulfated mucopolysaccharides can be separated 
from hyaluronic acid. In most tissue extracts 
this method alone does not produce protein-free 
hyaluronic acid. Treatment with Celite was 
recommended in those cases to remove the last 
20-30% of proteins from the sample. 

The highest yield (approximately 100%) is 
obtained when the proteins are removed by 
pepsin hydrolysis. However, if pepsin is used, 
incubation at 37° in 0.1 N HCl is required, and 
this treatment partially depolymerizes the poly- 
saccharide, although polymers small enough to 
be dialyzable are not produced. Digestion with 
papain or with crude extracts made from pan- 
creas and intestine does not result in a protein- 
free hyaluronic acid. However, in combination 
with phenol, cetylpyridinium or trichloro-acetic 
acid treatment, the proteolytic enzyme diges- 
tion methods will result in preparations with a 
protein content of less than 5% (4-6). 

Other methods have been described for the 
preparation of hyaluronic acid free from pro- 
teins, using chloroform to extract the proteins 
(7), or using acid resin (8) or xylene sulfonate 
(9) to precipitate them. All of these methods, 
however, result in a yield of only 30-60%. 
Molecular weight determinations indicate that 
with these different methods of preparation one 
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either degrades the hyaluronic acid in various 
degrees or one obtains fractions having various 
molecular weights. 

The lowest molecular weight sample of hy- 
aluronic acid (57-70 x 10°) was prepared from 
the bovine vitreous body by the pepsin-trypsin 
digestion method. This preparation was s0 
polydisperse that the light-scattering measure- 
ments could not be ured for molecular weight 
calculations (10). The acid resin precipitation 
method also gave a sample of low molecular 
weight (87 x 10%), calculated from sedimenta- 
tion and diffusion data. Using this method of 
purification, approximately % of the hy- 
aluronic acid precipitates with the proteins 
during acidification and deionization (8). It is 
possible that a higher polymer fraction of hy- 
aluronic acid is removed with the precipitate, 
Chloroform extraction and xylene sulfonate 
precipitation of the proteins result in a higher 
polymer hhaluronic acid fraction (10, 11). The 
molecular weight of hyaluronic acid prepared 
by the electrophoresis or the electrodeposition 
method is within the values mentioned previ- 
ously (136-240 x 10%) (10, 12). 

It is interesting to note that the molecular 
weights determined by light-scattering measure- 
ments are always higher than those determined 
by sedimentation or diffusion studies, most 
probably because the light-scattering method 
is more sensitive to the polydispersity of the 
sample (8, 10). 

A comparison of the molecular weight of 
hyaluronic acid prepared from bovine synovial 
fluid, human rheumatoid arthritic synovial 
fluid, human umbilical cord and rooster comb 
suggests that there is no significant difference 
in the size of the molecules obtained by dif 
ferent preparation methods (table 2). Most of 
the variation in the molecular weight, calculated 
from sedimentation and diffusion studies, is 
within the error of the determination. The only 
sample which showed a significantly higher 
molecular weight was that prepared from the 
rooster comb (10). Some preparations that 
happened to be studied only by light scattering 
showed a much greater variation (table 2). It is 
not yet possible to determine whether the data 
here summarized indicate that hyaluronic acid 
is present in various tissues in different degrees 
of polymerization or whether the differences 
were artificially introduced during preparation. 
The great discrepancy sometimes found between 
the molecular weight calculated from sedi 
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TABLE 2. lLoLECULAR WEIGHT OF HYALURONIC ACID PREPARED FROM VARIOUS CONNECTIVE TISSUES 


























Molecular Weight X 10-6 
Source Method of Preparation ; z Reference 
ee. Light scattering 
Bovine synovial fluid Papain, cetylpyridinium 1.6 (8) 
Ultrafiltration, papain 2.0 (14) 
Electrodeposition 1.57 1.8 (10) 
Human synovial fluid (rheu- | Electrodeposition 1.86 3.2 (10) 
matoid arthritis) 
Human umbilical cord Pepsin-trypsin 8.0 (20) 
Papain, cetylpyridinium 5.8 (8) 
Chloroform 3.4 (16) 
Proteolytic enzymes, phenol, 3.0 (8) 
cetylpyridinium 
Electrodeposition 1.44 2.7 (10) 
Rooster comb Papain, cetylpyridinium 1.3 (8) 
| Electrodeposition 5.13 1.3-4.2 (10) 
| 





mentation-diffusion studies and that calculated 
from light scattering suggests that each prepara- 
tion may have a different degree of polydis- 
persity. 


DIMENSIONS, SHAPE, VOLUME, 
HYDRATION 


The conclusions drawn about the dimensions 
and shape of the hyaluronic acid molecule 
greatly depend on the method used for its study. 
When the molecule is exposed to a shearing 
force in the course of measurement, as in the 
measurement of double refraction of flow, a 
deformation and uncoiling will occur. This 
deformation and uncoiling is more pronounced 
in the high molecular weight hyaluronic acid 
than in the low polymer prepared from the 
vitreous body (7, 9-11). 

The calculated dimensions of the molecule 
depend greatly on the shape assigned to it. The 
axial ratio (1/d) and the length calculated from 
it, based on viscosity, sedimentation, diffusion, 
double refraction of flow and light-scattering 
studies on hyaluronic acid prepared by various 
methods from different sources, are tabulated in 
tables 3 and 4. The length of the hyaluronic acid 
molecule prepared from the vitreous body is 
between 1600 and 3400 A, depending upon the 
method of preparation used. The lowest figure 
was observed in hyaluronic acid prepared by 
pepsin-trypsin digestion. This preparation also 
had the lowest molecular weight (57,000), and 
the length is that of an almost completely 
stretched molecular chain. Blix and Snellman in 
their viscosity and double refraction of flow 
studies derived a molecular length of 1000- 


4800 A, assuming that the molecule is a 
stretched polysaccharide chain (7). Both light 
scattering and double refraction of flow experi- 
ments, assuming a prolate ellipsoid of revolution 
or a randomly-kinked coil, gave shorter lengths 
and indicated that the molecular chain is not 
stretched (2, 4, 8, 10-13). 

In the hyaluronic acid samples of higher 
molecular weight (table 4) the axial ratio cal- 
culated from sedimentation-diffusion studies is 
quite large (700-2600). This dissymmetry is 
based on the frictional ratio, assuming that the 
molecule is not hydrated. The dissymmetry cal- 
culated from viscosity is somewhat lower, but 
it also involves the assumption that there is no 
hydration. The ellipticity of a prolate ellipsoid 
of revolution, calculated from sedimentation and 
viscosity data by Blumberg and Ogston (14), 
was found to be 7.7. From light-scattering and 
viscosity measurements other authors (10) found 
an even lower dissymmetry in the high molecu- 
Jar weight hyaluronic acid preparations. All 
this indicates that the axial ratio of the large 
hydrated molecules is very low, but that of the 
lower polymers prepared from the vitreous body 
is considerably higher. 

All light-scattering studies indicate that 
hyaluronic acid is a randomly-kinked coil with 
more or less polydispersity and stiffness (4, 8, 
10, 11, 15, 16). The length of the molecule cal- 
culated from the radius of gyration, assuming 
the above model, varied between 2400 and 6400 
A in the different high molecular weight samples 
(table 4). This variation may be partially due 
to the polydispersity of the preparations. 
Laurent (4) tried to correlate the radius of 
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TABLE 3. Mo.ecu LAR DIMENSIONS OF HYALURONIC ACID PREPARED FROM BOVINE VITREOUS BODY 



































s Molecular Model 
| | Prolate ellipsoid of revolution | Random coil | Rigid rodf 
| == oe saieetie ics legals eae imealighaeaia headin th 
Meth yarati . : ‘ 
ethod of Preparation [n] "Axial ratio (va) Leet: tu caleubinel iets Reference 
ie ~~ doubl dks: «Vis 
| viscosity —— oo gs refraction of 
Chloroform extraction 200 | 70 1000 | (7) 
| 460 | 115 | | 2600 (7) 
| 880 | 265 | 4800 (7) 
| 700 | 138 105 | 2500 (10) 
Acid resin and NaCl pre- | 230 70 62 | 3400 | (4, 8, 13) 
cipitation | 
Xylene sulfonate precipita- | 700 138 230 | 2500 , 2100 (10, 11) 
tion | 
Pepsin-trypsin, trichloro- | 230 | 70 64 | 1605 (10) 
acetic acid preparation | | | 
Papain, cetylpyridinium | 380 95 2100 | (4, 8) 
Electrophoresis | 690 | 137 145 | 2080 | (2, 12) 
Electrodeposition | 640 | 181 180 | 2080 | 2500 | (10) 
| | | 





* Limiting viscosity number, concentration in grams per cc. 
+ Stretched polysaccharide chain with estimated width (d) of 12 A. 


TaBLe 4, Mo. ECULAR DIMENSIONS OF HYALURONIC ACID PREPARED FROM VARIOUS CONNECTIVE TISSUES 





| Molecular Model 




















| Prolate Ellipsoid of Random 
| revolution | coil 
| . Refer- 
S Meth f P. | git: 
phat | ee Pee } tn] Axial ratio (1/d) | Length in A cnlenlgnes ence 
calculated from fro! 
| 
. fric- | double . 
vis- : . light 
cosity — [refraction scattering 
SO RS TREE Soma ree ee WAC = 
Bovine synovial fluid | Papain, cetylpyridinium | 910 | 170 3900 (8) 
| Ultrafiltration, papain | 22000| p=7.7t | (14) 
| Electrodeposition | 4830 | 391 700 | (10) 
Human synovial fluid) Electrodeposition | 3230 | 322] 760 | 10,300 2900 (10) 


(rheumatoid ar- 











thritis) | 
Human umbilical | Pepsin-trypsin | 2100 (20) 
cord | (sphere) 
| Papain, cetylpyridinium | 1330 | 200 | 6400 (8) 
| Chloroform extraction | 3360 | 327 | 5400 (16) 
Proteolytic enzymes, phenol, | 2020 | 245 5000 (8) 
| eetylpyridinium | 
| Electrodeposition | 2990 | 310} 520} 9,180| 2450 (10) 
Rooster comb | Papain, cetylpyridinium | 950] 175 3900 (8) 
| Electrodeposition | 3130 | 318 | 2600 | 18,100 | 3700 | (10) 





* Limiting viscosity number, concentration in grams per cc. 
+ p = ellipticity. 


gyration and the length calculated from it with a certain degree of stiffness, or, in other words, a 
the molecular weight, assuming that the degree nonsolvent-draining, randomly-coiled molecule. 
of polydispersity was about the same in the Laurent also calculated the statistical unit of 
different preparations. The correlation indicated the randomly-kinked coil according to Kuhn 
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and Kuhn (17) and found it to be 300 A, con- 
taining 60 monosaccharide units. This indicates 
considerable stiffness of the glucosidic linkages 
which can be explained by several mechanisms, 
such as solvent-solute interaction, interaction 
with proteins present in small amovnts in the 
preparation, or cross-linkages. 

The problem of the hydration of the hy- 
aluronic acid molecule is closely connected with 
the problem of molecular volume. It is obvious, 
from many experiments carried out on pure 
hyaluronic acid (10) and on hyaluronic acid 
preparations containing proteins (18, 19), that 
the hydrodynamic volume or the hydrody- 
namically effective volume is many times greater 
than that calculated from the dry partial spe- 
cific volume. The effective volume of a random 
coil can be calculated as an equivalent rota- 
tional ellipsoid of the prolate type, which com- 
prises, then, the whole domain of the molecule 
including the randomly-coiled molecular chain 
and the water in between and surrounding it, as 
well as whatever additional proteins or other 
materials are present within the domain. This 
effective hydrodynamic volume was calculated 
by various methods from light-scattering, sedi- 
mentation and viscosity measurements (10). In 
the case of low polymer hyaluronic acid prepared 
from the vitreous body by electrodeposition, the 
hydrodynamic specific volume was approxi- 
mately 6, but in the case of large polymers, 
such as hyaluronic acid prepared from synovial 
fluid and umbilical cord by the electrodeposition 
method, this value was between 1000 and 1860. 
Other authors (14, 18-20) found similarly high 
values for the hydrodynamic specific volumes 
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both in high molecular weight hyaluronic acid 
and in hyaluronic acid, containing 20-30% 
protein, prepared from synovial fluid by ultra- 
filtration. 

This large volume of water in the domain of 
the hyaluronic acid coil is not bound to the 
polysaccharide by long-range forces, as suggested 
by Jacobson and Laurent on the basis of dielec- 
tric studies (21). Laurent showed recently (22) 
that the x-ray diffractogram of water does not 
change in the presence of 2% hyaluronic acid as 
one would expect if hydration-water in this 
amount was bound to the polysaccharide chain. 

A new approach to the problem of the solva- 
tion and shape of the hyaluronic acid molecule 
was introduced by Laurent in studying the 
physical parameters of cetylpyridinium (CP) 
hyaluronate (umbilical cord) dissolved in methyl] 
aleohol by the light-scattering method (23). 
These studies were later supplemented by 
the experiments of Varga, Pietruszkiewicz and 
Ryan (24) on CP-hyaluronate prepared from the 
vitreous body and investigated by sedimenta- 
tion, diffusion and double refraction of flow 
methods. Table 5 summarizes their results. The 
molecular weight of CP-hyaluronate ‘ucreases as 
expected. The radius of gyration and the length 
of CP-hyaluronate in methy! alcohol is approxi- 
mately half that of Na-hyaluronate in water, 
indicating a coiling up of the chain. The de- 
crease of the viscosity and the dissymmetry 
supports this finding. The length measured by 
double refraction of flow increases, suggesting 
that under the influence of the shearing force 
the molecule becomes readily uncoiled. All this 
points to the importance of the solvent-solute 


TaBLE 5. MOLECULAR PARAMETERS OF CETYLPYRIDINIUM HYALURONATE IN METHYL ALCOHOL 









































| Double 
Light Scattering Sedimentation-Diffusion Refraction 
| oO Flow 
Radius of (n) Length Length 
M X 10-3 | gyration M X 10° 1/d 
A A A 
f/fo r 
Human umbilical cordt | Na-HA 3.0 2030 2020 ; 
CP-HA 5.4 1185 670 
Na-HA 3.0 1800 1360 
| (regenerated) 
Bovine vitreous bodyt | Na-HA 178 145 2100 2080 
| CP-HA 289 30 900 2400 





* Limiting viscosity number, concentration in grams/cc. 


+t Laurent (23). 
t Varga, Pietruszkiewicz, and Ryan (24). 
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interaction and to the effect of charged groups 
on the molecular configuration of hyaluronic 
acid. 

The molecular and atomic configuration of 
hyaluronic acid is not well known and both 
electron microscope and x-ray diffraction studies 
are inconclusive. Electron microscope studies 
(11, 25, 26) suggest a filamentous molecular 
chain. X-ray diffractograms (27) showed four 
peaks corresponding to 1.3-1.5 A, 2.5 A, 5 A 
and 10 A interatomic distances. Laurent sug- 
gests that the 1.3-1.5 A peak corresponds to 
carbon-carbon and carbon-oxygen bonds, the 
2.5 A peak to the distance of the second neigh- 
boring atom, and the 5 and 10 A peaks represent 
the distance between two glucosidic bonds or 
that between chains. 


CHARGES 

The hyaluronic acid molecule is negatively 
charged when the carboxyl groups on the glu- 
curonic acid moiety are dissociated. Titration 
studies were made by Jeanloz and Forchielli 
(28), conductometric and potentiometric titra- 
tions by Pantlitschko (29) and titrations at 
different ionic strengths by Laurent (15). The 
intrinsic dissociation constant was found by 
Laurent (15) to be 3.21, which is close to 3.33 
(the dissociation constant of glucuronic acid). 
From electrophoretic mobility data Varga (13) 
calculated the effective charge of hyaluronic 
acid at neutral pH. In hyaluronic acid prepared 
from the vitreous body, of the 216 anionic 
groups present/molecule only 14 are effective 
at 0.12 ionic strength, but at 0.02 ionic strength 
this figure becomes 173, i.e. 80% of the total. 
The decreased shielding effect of the small ions 
will influence the shape of the molecule, result- 
ing in uncoiling and possible changes in the 
solvent-solute interaction which, since we are 
dealing with a random coil, means changes in the 
solvent draining through the domain of the 
molecule. Both the length measured by light 
scattering (8) and the length calculated from 
double refraction of flow (11) increase at low 
ionic strength. Changes in the sedimentation 
and diffusion properties of hyaluronic acid at 
low ionic strength can be explained on the same 
basis (12, 13). 

The polyelectrolyte character of hyaluronic 
acid is clearly shown by its viscous behavior, 
the dependence of which on ionic strength has 
been studied by several authors (7, 8, 30, 31). It 
has also been shown (8) that the viscosity- 
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Dec 
concentration relationship at various ioni¢§ j9 
strengths follows the Fuoss equation (32) char. 
acteristic of polyelectrolytes. 13. 

14. 

MOLECULAR INTERACTIONS ; 

15. 


The interaction among the hyaluronic acid 


molecules in aqueous solution can be observed§ 1g | 
with all of the physicochemical methods used for | 
the characterization of this molecule. The con-§ 17. - 


centration dependence of the viscosity (18, 30, 


33), of the sedimentation and diffusion coeffi-§ 18: | 


cients (10, 12, 13) and of the electrophoretic 
mobility (13) all indicate intermolecular interag- 


tion. The concentration dependence of the ex§ 9) 
tinction angle in double refraction of flow 


experiments (2) and the concentration depend-§ 21. 
ence of the angular dissymmetry of light scatter 
ing at low ionic strength indicate aggregation of 
the molecules at higher concentration (16). 

The shear dependence of the limiting vis 
cosity number of various hyaluronic acid prep- 
arations was studied with both rotating cylinder 
(18, 33, 34) and capillary-type (30) viscometers, 
These studies indicate that the deformability of 
the internal interaction of the hyaluronic acid 
molecules is very small. 

The solvent-solute interaction in various hy- 
aluronic acid preparations has also been studied 
by correlating the molecular weight, the limiting 
viscosity number and the radius of gyration (4, 
10). These studies suggest that the solvent 
draining or nonsolvent-draining character of the 
hyaluronic acid molecule depends somewhat on 


. Scort, J. E. Biochem. J. 62: 31, 1956. 
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the method used for preparation and possibly onf have 
the purity of the preparation as well. lista 
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METABOLISM OF HYALURONIC ACID AND 
CHONDROITINSULFURIC ACIDS: 


ALBERT DorFMAN, ALVIN MARKOVITZ AND J. A. CIFONELLI 


From the LaRabida-University of Chicago Institute, and the Departments of Pediatrics, Microbiology and 
Biochemistry, University of Chicago, Chicago, Illinois 


A. INCREASING NUMBER of investigations 
have been concerned recently with the metabo- 
lism of acid mucopolysaccharides. Most studies 
have employed S* to investigate the in vivo 
metabolism of sulfated polysaccharides. A more 
limited number of studies have been concerned 
with in vivo turnover rates employing carboxyl 
labeled acetate and labeled glucose as precursors. 
While such studies yield considerable informa- 
tion regarding mucopolysaccharide metabolism, 
little information regarding pathways of bio- 
synthesis is obtained by these techniques. 
Although connective tissues are widely dis- 
persed throughout the mammal, it is difficult to 
obtain tissues with a sufficient density of con- 
nective tissue cells to be appropriate for studies 
of biosynthetic pathways. Since the capsular 
polysaccharide of group A streptococci appears 


1 Original investigations described in this paper 
were supported by grants from the National Heart 
Institute (H-311) and the Chicago Heart Associa- 
tion. 


to be identical with mammalian HA? (1), this 
microorganism affords a convenient tool for the 
study of biosynthesis of HA. 

During the past 7 years studies in this labora- 
tory have been concerned with the elucidation 
of this biosynthetic pathway. It is the purpose 
of this communication to summarize these 
studies together with certain evidence concern- 
ing the metabolism of acid mucopolysaccharides 
in mammals. The early studies, conducted in 
collaboration with Dr. Saul Roseman, were con- 


2 The following abbreviations are used in this 
paper: hyaluronic acid, HA; chondroitinsulfuric 
acid, CSA; uridine diphosphoglucose, UDPG; 
uridine diphosphoglucuronic ,acid, UDPGA; uri- 
dine diphospho-N-acetylglucosamine, UDPAG; 
uridine diphospho-N -acetylgalactosamine, 
UDPAGa; acetylglucosamine-6-phosphate, 
AG-6-P; uridine triphosphate, UTP; acetyl- 
glucosamine-l-phosphate; AG-1-P; adenosine 
triphosphate, ATP; hyaluronic acid synthesizing 
system, HASS; cytidine triphosphate, CTP; 
guanosine triphosphate, GTP; diphosphopyridine 
nucleotide, DPN. 
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cerned with the establishment of the carbon 
source of the 14 unique carbon atoms of HA. 
These experiments were carried out with a strain 
of group A streptococcus (A111, type 18) which 
produces HA when grown on a semisynthetic or 
veal infusion broth medium. Glucose-1-C' was 
incorporated into the medium and HA was 
isolated, purified and appropriately degraded 
(2). These studies established that the glucosa- 
mine of HA originates from glucose without 
scission of the carbon chain. The pathway by 
which this transformation occurs has now been 
extensively studied by a number of investigators 
and will not be reviewed here. It should be noted 
that at least in certain systems the amino group 
of hexosamines arises from the amide N of gluta- 
mine (3, 4). The origin of hexosamine from 
glucose in streptococci was simultaneously 
established by Topper and Lipton (5). 

The data obtained in experiments with glu- 
cose-1-C“ did not establish the origin of the 
uronic acid moiety although it was demonstrated 
that an amount of radioactivity equivalent to 
that of the C-1 of the glucose was present in 
carbons 1-5 of the glucuronic acid. Since the 
degradation of glucuronic acid poses many 
technical difficulties, this question was not 
pursued further in these experiments. A more 
convenient approach was the utilization of glu- 
cose-6-C' as a precursor, since the uronic acid 
of HA is specifically decarboxvlated by treat- 
ment with acid. These experiments demon- 
strated that the uronic acid also arises from 
glucose (6), a conclusion which has been estab- 
lished in other biological systems (7-9). 

In other experiments it was established that 
glucosamine and acetate were utilized in HA 
synthesis. In contrast, N-acetylglucosamine is 
probably not utilized (10). This finding is of 
interest in view of the recent report by Leloir, 
Cardini and Olavarria (i1) that mammalian 
tissues contain an enzyme which phosphorylates 
N-acetylglucosamine. 

Glucuronic acid and its lactone are not utilized 
for HA synthesis (12), a fact that now finds 
ready explanation by the mechanism of trans- 
formation of glucose to glucuronic acid that 
has been elucidated by Strominger ef al. (13). 

These studies provided a basis for study of 
the metabolism of acid mucopolysaccharides in 
mammalian tissues utilizing carbon precursors. 
In a series of studies in collaboration with Dr. 
Sara Schiller it has been possible to determine 
the parameters of metabolism of HA and the 
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CSA fraction of skin in rats and rabbits (14-16) 
and the influence thereon of certain endocrine 
agents (17, 18). It was determined that HA 
turns over at a considerably more rapid rate 
than does the CSA fraction. In various experi- 
ments combinations of C-labeled glucose and 
S* or acetate-1-C“% and S* were used. The 
similarity of half-life times obtained when 
carbon precursors and S** were employed simul- 
taneously indicate that these measurements 
reflect turnover of the entire mucopolysac- 
charide molecule and suggest that earlier studies 
employing only §S* measured mucopolysac- 
charide turnover rather than sulfate exchange 
(19, 20). 

Using these techniques it has been possible 
to demonstrate that compound F produces an 
inhibition of mucopolysaccharide turnover (17). 
Striking is a marked reduction of synthesis of 
both HA and the CSA fraction in alloxan dia- 
betic rats (18). This impairment can be restored 
to normal by the administration of insulin. 
More recently, evidence has been obtained that 
growth hormone may have a selective effect on 
mucopolysaccharide metabolism, restoring in 
the hypophysectomized rat the metabolism of 
the sulfated mucopolysaccharide and not that 
of HA (21). 

The earlier metabolic experiments on rats 
and rabbits did not establish the specific carbon 
precursors in mammalian tissues. Whereas it 
has seemed likely that the glucuronic acid 
moiety of HA arises from glucose in mammalian 
tissue, no evidence. has been available regarding 
the origin of the uronic acid moiety of CSA-B, 
the predominant acid mucopolysaccharide of 
skin. Recent studies by Hoffman, Linker, and 
Meyer (22) and Cifonelli, Ludowieg, and Dorf- 
man (23, 24) have established that this poly- 
saccharide contains L-iduronic acid, the C-5 
epimer of p-glucuronic acid. The _ biological 
origin of t-iduronic acid has now been studied 
in collaboration with Dr. Lennart Rodén by the 
use of glucose-6-C™. L-iduronic acid originates 
from glucose without fragmentation of the 
carbon chain. It was also established that the 
glucuronic acid of mammalian HA like that of 
streptococcal HA originates from glucose. 

The conversion of glucose to L-iduronic acid is 
illustrative of an epimerization reaction, not 
previously described. The oxidative mechanism 
(25-27) which has been favored for epimeriza- 
tion at C-4 cannot occur at C-5 unless rupture of 
the pyranose ring occurs. 
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Elucidation of the mechanism of biosynthesis 
of mucopolysaccharides has depended to a con- 
siderable extent upon unraveling the functions 
of uridine nucleotides in carbohydrate metabo- 
lism. Shortly after the discovery by Leloir (28) 
of the role of UDPG in the epimerization of 
glucose, Park (29-31) noted the accumulation 
of uridine nucleotides in _penicillin-inhibited 
staphylococci. Since that time, a number of 
uridine nucleotides have been isolated and con- 
siderable progress has been made in the charac- 
terization of their biological functions. Of par- 
ticular interest has been the demonstration of 
UDPGA (32), UDPAG (33-35) and UDPAGa 
(35). The existence of these compounds coupled 
with demonstration of the role of uridine nu- 
cleotides in the biosynthesis of sucrose (36), 
sucrose phosphate (37), trehalose phosphate (38) 
and lactose-1-PO; (39) suggested that such 
compounds are involved in mucopolysaccharide 
synthesis. Recent demonstrations of the role of 
uridine nucleotides in chitin (40), cellulose (41) 
and even glycogen synthesis (42) strongly sug- 
gest that the donation of glycosyl groups by 
such nucleotides represents the most general 
pattern of polysaccharide biosynthesis. 

Biosynthesis of heterologous polysaccharides, 
such as the acid mucopolysaccharides, poses the 
special requirement of a mechanism for the 
alternation of hexose units, a problem not aris- 
ing in the known syntheses of homologous 
polysaccharides. 

A study was undertaken to determine the 
possible role of uridine nucleotides in the syn- 
thesis of HA by group A streptococci. Since the 
production of HA by streptococci is known to be 
variable, a detailed study was undertaken to 
determine optimum conditions for the growth 
of cells which synthesize HA. It was found that 
cells grown in a veal infusion medium, main- 
tained at neutral pH by an automatic titrator, 
produce HA at a maximum rate t 6 hours. In 
confirmation of the report of Lowther and 
Rogers (3), resting cell suspensions of organisms 
grown in this manner synthesize HA from rela- 
tively simple precursors; glucose, glutamine and’ 
phosphate. From extracts of such cells it was 
possible to isolate UDPGA, UDPAG, and 
UDPG. In addition, uridine diphosphomuramic 
acid and small amounts of other, as yet not 
completely identified, nucleotides were present. 
Although certain preparations have appeared to 
contain uridine compounds with both N-acetyl- 
glucosamine and glucuronic acid, it has so far 
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been impossible to isolate a nucleotide-disac- 
charide compound. 

While this work was in progress, Glaser and 
Brown (43) and Glaser (44) reported the in- 
corporation by extracts of Rous sarcoma of C™ 
into HA from acetyl-labeled UDPAG and from 
acetyl-labeled AG-6-P in the presence of UTP. 
They failed, however, to demonstrate the utiliza- 
tion of UDPGA in HA synthesis, although 
incorporation from labeled UDPG was ob- 
served. The radioactivity incorporated by the 
Rous sarcoma enzyme was low and was removed 
by electrodialysis. 

Our own studies of the enzymatic synthesis of 
HA have been conducted with preparations 
obtained from group A streptococci. The or- 
ganism used and the conditions of growth were 
identical with those previously described from 
this laboratory (45). The cells were disrupted by 
treatment in a Raytheon sonic oscillator at 
9 ke. Radioactive precursors were prepared by 
tritiation with gaseous tritium by the Wilzbach 
procedure (46) and repurified. The radioactive 
HA was isolated with carrier HA obtained from 
the growth supernatant of the same microor- 
ganism. UDPGA was isolated fron: another 
strain of group A streptococci, the UDPAG was 
obtained from the Sigma Chemical Company 
and the AG-1-P was prepared by the method of 
Maley, Maley and Lardy (47). All counting was 
carried out in a Tri-Carb Liquid Scintillation 
Spectrometer using 2 ,5-diphenyloxazole as phos- 
phor. The HA was dissolved in hyamine (48, 49). 

Table 1 illustrates the incorporation of H® of 
UDPGA-H? in a system containing the whole 
sonicate, UDPGA-H*, UDPAG, AG-1-P, ATP 
and MgCl.. Both tubes contained all com- 
ponents and were treated in an identical fashion 
except that the 0 time control was boiled im- 
mediately after addition of the enzyme. Repuri- 
fication of the radioactive HA resulted in little 
or no change in radioactivity. The results of 
three such experiments are illustrated in table 2. 


TABLE 1 INCORPORATION OF H*® INTO HA FROM 
UDPGA-H® BY SONICATE OF GROUP A STREPTOCOCCUS 


Time cpm/mg HA 
Ohi: tomes Val ere oa 82 
PRONE i cick nk 2550 


All tubes contained 0.75 ml of 15 min. sonicate 
of group A streptococcus, 1 um each of UDPGA-H?, 
UDPAG, and ATP; 0.64 um of AG-1-P; 10 um of 
MgCl:. UDPGA-H? = 580,000 cpm/um. All tubes 
contained 0.75 ml of enzyme in a final volume of 
1.5 ml. 
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TABLE 2. REPURIFICATION AND ANALYSES OF HA 


cpm/mg HA 
Repurification Expt.1 Expt.2 Expt.3 
HA isolated by original 
purification........... 130 86 144 
HA after repurification. 156 98 103 
Analyses Molar ratio 
Hexosamine............ 1.00 
Glucuronic acid........ 0.99 
nn ee ee 0.94 


TABLE 3. EFFECT OF CENTRIFUGATION ON HASS 


Preparation cpm/mg HA 
10,000 g supernate.................. 688 
80,000 g supernate.................. 189 
80,000 g pellet (resuspended)........ 497 
80,000 g supernate + 80,000 g pellet. . 401 


Enzyme was a 60 min. sonicate. All tubes con- 
tain UDPGA-H?, 1 um; UDPAG, 1 um; ATP, 1 um; 
AG-1-P, 0.64 um; MgCle, 50 um; cysteine 0.0025 m. 
Cysteine 0.005 m and MgCl. present during sonica- 
tion and centrifugation. All tubes contained 0.75 
ml of enzyme in a final volume of 1.5 ml. 


Also shown in this table are the analyses of the 
HA isolated from one experiment. 

In order to verify that the radioactivity is 
incorporated into the HA, the isolated polysac- 
charide was degraded by streptococcal hy- 
aluronidase. Paper chromatography showed the 
principal product to be identical with the un- 
saturated disaccharide isolated by Linker, 
Meyer and Hoffman (50). Elution of various 
portions of the paper strip showed the radioac- 
tivity to be present in the fraction that contains 
the disaccharide. 

When the sonicate was centrifuged in the cold 
at 10,000 x g for 10 minutes, the enzyme ac- 
tivity was recovered in the supernatant. How- 
ever, centrifugation at 80,000 x g resulted in 
sedimentation of most of the activity (table 3). 
The failure to recover all of the activity on re- 
combination of the pellet and supernatant has 
not yet been explained. On dialysis of an am- 
monium sulfate fraction of the 10,000 x g 
supernate, there was a marked loss of activity, 
but this could be largely prevented by the 
presence of 0.005 m cysteine (table 4). 

Table 5 shows the results of an experiment 
designed to determine the requirements of the 
HA synthesizing system (HASS). All tubes con- 
tained UDPGA-H* since this served as the 
isotopic precursor. An absolute requirement for 
UDPAG and MgCl. was demonstrated. There 
was a decrease in radioactivity when AG-1-P 
or ATP were omitted. 

Since it is known that UTP and 1-phosphate 
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TABLE 4. STABILIZATION OF HASS BY CYSTEINE 


cpm/mg 

No. Isotopic Precursor Preparation HA 
1 UDPGA-H? With cysteine 490 
2 UDPGA-H? Without cysteine 140 
3 AG-1-P-H? With cysteine 670 
4 AG-1-P-H* Without cysteine 390 


Enzyme was frozen for 10 days, thawed and 
dialyzed against 0.05 m POx,, pH 7.0. Cysteine con- 
centration 0.005 m. All tubes contained UDPAG, 
1 ym; ATP, 1 um; MgClo, 10 um. Tubes 1 and 2 con- 
tained UDPGA-H?, 1 um (5.8 X 105 cpm) and 
AG-1-P, 0.64 um. Tubes 3 and 4 contained UDPGA, 
1 um; AG-1-P-H?, 0.097 um, (8.04 X 10° cpm). All 
tubes contained 0.75 ml of enzyme in a final vol- 
ume of 1.5 ml. 


TABLE 5. REQUIREMENTS OF HASS 


Radio- 

No. UDPAG’ AG-1-P MgCh ATP activity 

cpm/mg 

pM uM »M BM HA 

1 1.0 0.64 10 1.0 0 
2 1.0 0.64 10 1.0 820 
8 0 0.64 10 1.0 3 
5 1.0 0 10 1.0 610 
§ 1.0 0.64 0 1.0 15 
6 1.0 0.64 10 0 600 


All tubes contained a total volume of 1.5 ml 
including 0.75 ml uf enzyme. Buffer PO, 0.05 m, 
pH 7.0. All tubes contained 1 uw UDPGA (5.8 X 
10° cpm). Tube 1 heated at beginning of experi- 
ment. All others incubated at 37° for 130 min. 
before heating. 


TABLE 6. SUBSTITUTION OF UTP + aAG-l-P 


FOR UDPAG 
UTP CTP GTP Radioactivity 
uM uM uM cpm/mg HA 
1.0 0 0 6740 
0 1.0 0 280 
0 0 1.0 300 
0 0 0 350 


All tubes contained 0.75 ml of 10,000 X g sonic 
supernatant. All tubes contained UDPGA, 1 um; 
MgCle, 20 um; AG-1-P-H?, 0.097 um; (8.04 X 108 
epm). All tubes contained 0.75 ml of enzyme in 
a final volume of 1.5 ml. 


sugars react to form uridine nucleotides in other 
systems (51-53), an attempt was made to sub- 
stitute UTP and AG-1-P for UDPAG. This 
combination (table 6) abolishes the absolute 
requirement for UDPAG. CTP and GTP did 
not replace UTP. 

In order to define further the enzymatic ac- 
tivities present in this system, and elucidate 
the possible significance of the st'mulatory effect 
of ATP, another experiment was conducted in 
which ATP and UDP were substituted for UTP. 
The results in table 7 demonstrate that UTP is 
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TABLE 7. SUBSTITUTION OF UDP + ATP FOR UTP 


No. UTP UDP ATP Radioactivity 
uM uM uM cpm/mg HA 

i? 1.0 0 0 460 

2 0 1.0 0 130 

8 0 1.0 1.0 520 


* Not quantitatively comparable because of 
difference in enzyme preparation. 

All tubes contain 0.75 ml of a sonic supernatant. 
All tubes contain UDPGA, 1.0 um; AG-1-P-H3, 
097 um; MgCl., 10 wm. All tubes contained 0.75 
ml of enzyme in a final volume of 1.5 ml. 


formed as a result of the phosphorylation of 
UDP by ATP. In other experiments using 
UDPAG-H® and AG-1-P-H®, a requirement for 
UDPGA has been established. A combination 
of UDPG and DPN substitute for this require- 
ment; a fact which establishes the presence of 
UDPG dehydrogenase. 

The stimulation of the system by AG-1-P 
(table 5) is of particular interest. The most 
obvious explanation is the reaction of AG-1-P 
with UTP to form UDPAG. Stimulation even 
in the presence of UDPAG may be due to the 
inhibition of UDPAG breakdown. It was 
readily demonstrated, however, that radioac- 
tivity was incorporated from AG-1-P-H®. 

In order to ascertain whether AG-1-P-H?* is 
converted to UDPAG-H®* an experiment was 
performed in which AG-1-P-H® was utilized as a 
precursor and the concentration of UDPAG was 
varied. Table 8 illustrates that in the presence 
of a large excess of UDPAG, the amount of 
radioactivity incorporated is decreased. These 
results indicate that AG-1-P is converted to 
UDPAG in this system and that at least one 
pathway of its incorporation into HA is via 
UDPAG. 

Figure 1 summarizes the reactions which have 
so far been demonstrated in this preparation. 
The first three reactions represent the tritiated 
precursors which have resulted in the incorpora- 
tion of radioactivity into HA. 

Evidence for the presence of reactions 4 and 6 
has already been presented. If reaction 6 were 
the sole mechanism for the observed effects of 
AG-1-P it might be expected that the addition 
of UTP should result in an increased incorpora- 
tion of radioactivity from AG-1-P-H’, but the 
addition of PP should inhibit incorporation. 
When the appropriate experiments were _per- 
formed to test this hypothesis, the surprising 
results illustrated in table 9 were obtained. 
Contrary to expectation, UTP was found to 
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TABLE 8. EFFECT OF CONCENTRATION OF UDPAG 
ON INCORPORATION OF H® FROM AG-1-P-H? 


UDPAG Radioactivity 
pM cpm/mg HA 
| Se SRen sm aera ore fe ane era 126 
ee icc al bes maton 2470 
1 Te RRO RS lS Sts 4570 
BM ES ls Tae 4870 
AR yes tae ia oe 819 


All tubes contained 0.75 ml of the 10,000 y super- 
nate of a 60 min. sonicate; UDPGA, 1 um; MgClo, 
20 um; and AG-1-P-H?, 0.097 um (8.04 X 10° cpm). 
All tubes contained 0.75 ml of enzyme in a final vol- 
ume of 1.5 ml. 


REACTIONS DEMONSTRATED IN HASS 
UDPGA ———> HA 
UDPAG ——> HA 
AG-|I-P —— HA 
ATP + UDP ———> UTP+ADP 
'IDPG +2 DPN* ——» UDPGA +2 DPNH+2H* 
JTP+AG-I-P ====== UDPAG+P-P 


TABLE 9. EFFECT OF UTP AND P-P ON 
INCORPORATION OF H*® FROM 


AG-1-p-H® 
AG-1-P-H3 

Expt. (1.61x10¢cpm) UTP P-P Radioactivity 
pM uM uM cpm/mg HA 

1 0.184 0 0 6780 

0.184 1.0 0 4500 

2 0.184 0 0 5630 

0.184 0 0.5 7130 


All tubes contained 0.75 ml of a 10,000 g super- 
nate of a 30 min. sonicate: UDPGA, 1 um; UDPAG, 
1 wm and 0.0025 m cysteine. Tubes in experiment 1 
contained 10 um of MgCl. and tubes in experiment 
2,438.5 um of MgCl». All tubes contained 0.75 ml of 
enzyme in a final volume of 1.5 ml. 


inhibit incorporation of AG-1-P-H*® while PP 
was found to stimulate this reaction at the low 
AG-1-P-H® concentration. 

Final explanation of these data must await 
further study. A possible explanation is the 
participation of AG-1-P in the synthesis of HA 
in some manner other than the formation of 
UDPAG. Inspection of the known reactions of 
uridine nucleotides indicates that the glycosyl 
group is transferred to form a glycoside bond 
linking the 1 position of the glycosyl group that 
is transferred. Figure 2 indicates the known 
reactions of uridine nucleotides in the forma- 
tion of disaccharides. Of interest is the fact that 
interaction with 6-phosphate results in forma- 
tion of a non-reducing disaccharide, while inter- 
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SYNTHESES VIA URIDINE 
NUCLEOTIDES 


UDPG + FRUCTOSE == SUCROSE +UDP 

UDPG +FRUCTOSE- 6-POg = SUCROSE-PQy + UDP 

UDPG +GLUCOSE-6-PO, == TREHALOSE -PQ, + UDP 

UDPGa.+GLUCOSE-1-PQ, == LACTOSE-!-PQ,+ UDP 
Fie. 2 


POSSIBLE MECHANISMS OF HYALURONIC 
ACID SYNTHESIS 


) UDPAG+ UDPGA7~——> X SHA 


2) a UDPGA+AG-1-P ——» GA-AG-|-P+UDP 
8) UDPAG + GA-AG-|-P ——»AG-GA-AG-|-P+UDP 
c) UDPGA+AG-GA-AG-|-P —— GA-AG-GA-AG-I-P + UDP 


3) UDPAG+ UDPGA ——» GA-AG-UDP 
GA-AG-UDP + GA-AG-I-P ——> GA-AG-GA- AG-I-P + UDP 
Fig. 3 


action with the 1-phosphate  (lactose-1-PO, 
synthesis) results in a 1-phosphate ester. 

Figure 3 shows some theoretical possibilities 
regarding the pathways of synthesis of HA. 
Pathway 1 is a general statement, with X in- 
dicating unknown intermediates. No _ inter- 
mediate has so far been isolated from our sys- 
tem. 

Pathway 2 suggests that the first step of HA 
synthesis may be the formation of a unique 
disaccharide analogous to lactose-1-PO,. To this 
may be added alternating units. This compound 
is the 1-phosphate of N-acetylhyalobiuronic 
acid. 

An alternate but similar pathway is indicated 
in pathway 3 which envisages the addition of 
disaccharide units to this unique disaccharide. 
Either of these mechanisms would indicate a 
dual role for AG-1-P in this system. 


SUMMARY 


It is apparent that there has been recently a 
rapid extension of our knowledge concerning 
mucopolysaccharide metabolism. The param- 
eters of metabolism in mammalian connective 
tissues and the effects of various biological 
agents on metabolism have been studied. 

The pathways of biosynthesis are being 
clarified. In addition to the demonstration of 
pathways of HA synthesis, the studies of 
D’Abramo and Lipmann (54) indicate an un- 
derstanding of the biosynthesis of sulfate poly- 
saccharides to be close at hand. The mechanism 
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by which alternation of units occurs remains an 
intriguing biochemical problem. Elucidation of 
this pathway may be of importance in increas 
ing understanding of the pathways of formation 
of more complex polymers. 
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I, 1837 MuLLER (1) RECOGNIZED there was a 
difference in the properties of the products in the 
solutions resulting from the autoclaving of 
tendon and of cartilage with water. He called the 
first gelatin and the second chondrin. It was 
nearly 50 years later that Krukenberg (2) first 
isolated from cartilage crude chondroitin sul- 
phate, the component that made chondrin differ- 
ent from gelatin. Krukenberg called this com- 
ponent chondroitic caid. Since he could extract 
it from cartilage in good yield only with the help 
of dilute solutions of strong alkali he concluded 
that it must exist in the native cartilage as a 
protein compound of a class he had earlier called 


hyalogens. The extracellular material of cartilage 
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he considered was composed of collagen and 
hyalogen. Mérner (3) and Schmiedeberg (4) 
also worked with alkaline extracts of cartilage 
and isolated carbohydrate-protein products of 
varied composition under different conditions, to 
which they gave names such as chondromucoid, 
peptochondrin, glutochondrin and chondroal- 
bumin. Schmiedeberg regarded them as salt-like 
compounds of protein and chondroitin sulphate. 
None of these preparations was ever shown to be 
constant in composition or to have any character- 
istic properties by means of which it could be 
recognized as a specific compound. Landwehr (5) 
at one time considered mucoproteins to be mix- 
tures of protein and animal gum, a view opposed 
by Hammarsten (6). 

In a monograph on mucoproteins (7), Levene 
in 1925 summarized his views. Simple proteins 
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were not precipitated from aqueous solutions by 
dilute acetic acid but mucoproteins were, and 
such mucoprotein precipitates were not redis- 
solved by the addition of excess acetic acid. 
Dilute solutions of mucoproteins were often 
viscous, far more so than solutions of simple 
proteins. Yet, even at that time, much intergra- 
dation of solubility and viscosity properties was 
known to occur between simple proteins and 
mucoproteins. An important characteristic of 
mucoproteins was that they all yielded reducing 
sugar after acid hydrolysis. Levene believed all 
mucoproteins consisted of chondroitin sulphate 
or mucoitin sulphate united with protein. The 
bond between the carbohydrate and _ protein 
portions of mucoprotein seemed to be readily 
split by a concentration of alkali too dilute to 
have much effect on either the carbohydrate or 
the protein portions, so Levene thought it likely 
that carbohydrate and protein were united by an 
ester bond. Irvine and Hynd (8) had earlier 
conceived a betaine-like structure as plausible for 
mucoproteins. 

In the years after 1925, work on the extraction 
of ground substance components of cartilage 
was largely directed to the isolation of pure 
chondroitin sulphate, which meant mainly getting 
it free of protein. For this purpose a variety of 
purification methods was used including evapora- 
tion at 100° in the presence of BaCO to; denature 
protein, adsorption of protein to earths, precipita- 
tion with glacial acetic acid to leave protein in 
solution, and treatment by the Sevag chloroform- 
amy] alcohol method to separate protein as a gel. 
Few attempts were made to isolate or to study the 
more complex mucoprotein which many thought 
to be the form in which the chondroitin sulphate 
existed in the native cartilage. The use of the 
mucin clot test and the turbidity assay for hy- 
aluronate was extended in some laboratories as 
an assay method for chondroitin sulphate in 
solution. The method depended on adding protein 
to a solution of hyaluronate or chondroitin sul- 
phate and acidifying to a pH of about 4. This 
made most proteins cationic which thereupon 
produced precipitates with the anionic mucopoly- 
saccharides. Meyer, Palmer and Smyth (9) made 
a study of such artificial salt-like mucoids pro- 
duced from chondroitin sulphate, compared their 
composition with that of whole cartilage and 
concluded that cartilage itself might be such a 
salt-like mucoid. Hisamura (10) made an attempt 
to isolate the mucoprotein of cartilage but his 
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method invoived a rather long extraction at 37° 
and his product had a composition similar to that 
of the artificial mucoids with 12% N. Partridge 
(11) realized the difficulty of the problem and the 
insignificant amounts of material that can be 
extracted from cartilage if only very gentle 
methods are used. He decided to try the next. best 
kind of procedure and to use methods that, if 
not the most gentle, would give him material not 
altogether degraded, so he might make a reason- 
able guess as to the form in which the chondroitin 
sulphate existed in the native cartilage. He used 
somewhat elevated temperatures but avoided 
acids and alkalis. He used solvents known to 
reduce the shrink temperature of collagen, in 
the hope that the mucoprotein of cartilage would 
be released into solution. Extracts prepared by 
these methods were studied electrophoretically 
and he concluded that the chondroitin sulphate 
was at least partly bound toa collagen-like protein 
by links that were not salt-like. 

In 1954 there was reported a mild method for 
the isolation from cartilage of a part of its 
chondroitin sulphate in association with a protein 
that contained no hydroxyproline and so could 
not be collagen. Some evidence was cited for 
believing the protein and chondriotin sulphate to 
be united as a definite compound by a link that 
was not salt-like and it was called a mucoprotein 
(12). Later it was called chondromucoprotein 
(13). The method of extraction consisted of 
stirring freshly cleaned machine-ground cartilage 
with water at a temperature of about 4°C. After 
a day the cloudy extract was drained off, dialyzed 
and diluted with about two volumes of cold 
alcohol. This made it easy to remove entrained 
particles of collagen-containing material by 
centrifuging in the cold. The supernatant solution 
was slighly opalescent. On addition of potassium 
acetate a white flocculent precipitate separated; 
this was centrifuged, washed several times with 
absolute alcohol and absolute ether and dried in 
vacuo. Made by the simple procedure described, 
the product was surprisingly pure as judged by 
subsequent work. It could be repeatedly dis- 
solved in water and reprecipitated with alcohol 
in the presence of potassium acetate with no 
significant change in composition. 

While this method of isolation was about as 
simple as could be desired it gave yields of the 
mucoprotein that were small, in terms of the 
total amount of chondroitin sulphate known to 
be in the cartilage. The weight of chondromuco- 





dit 


sti 
til: 


th 
thi 
cal 
of 

ex! 
ing 
col 
the 
his 


of 

tio 
ch 
res 
cal 
ths 








ume 17 


at 37° 
0 that 
tridge 
nd the 
an be 
gentle 
t best 
at, if 
al not 
eason- 
lroitin 
> used 
voided 
wn to 
n, in 
would 
ed by 
tically 
[phate 
rotein 


od. for 
of its 
rotein 
could 
d for 
ate to 
< that 
rotein 
rotein 
od of 
tilage 
After 
ly zed 
cold 
‘ained 
1 by 
lution 
ssium 
‘ated; 
with 
ied in 
ribed, 
od by 
- dis- 
cohol 
h no 


ut as 
f the 
f the 
vn to 
nuco- 








December 1958 


protein isolated amounted to nearly 5% of the 
dry weight of the cartilage used and contained 
about 9% of the total hexosamine in the cartilage. 
Two or three further extractions of the cartilage 
residue by the same procedure doubled this 
yield, with products having the same composi- 
tion and properties. Additional extractions 
yielded still further amounts of product but these 
appeared to contain small amounts of free 
chondroitin sulphate in addition to the chondro- 
mucoprotein. The appearance of free chondroitin 
sulphate only, after extraction had continued a 
week, seemed most likely to be due to a slow 
breakdown of the chondromucoprotein, a kind 
of autolysis. This was consistent with an earlier 
observation that after storage of wet cartilage at 
0° for a month or two, large yields of chondroitin 
sulphate could be extracted by water under con- 
ditions that would give only small yields when 
applied to fresh cartilage (14). 

It seemed odd that the water-soluble chondro- 
mucoprotein, extracellular in location and with 
no visible membrane barriers, should be so ob- 
stinately resistant to extraction from the car- 
tilage by water. Could it be that some of the 
mucoprotein was bound to the collagen matrix 
and was only slowly released by an autolytic 
process? A greatly improved extraction procedure 
may have a bearing on this question, since the 
only significant change was the introduction of a 
mechanical device for disintegrating the cartilage 
in the presence of a large volume of water (13). 
The device is a high speed homogenizer, the 
Virtis-45, which consists of a motor, the shaft 
of which carries razor blades and which is rated 
to rotate at 45,000 rpm. The shaft rotates in a 
flask, with baffles to break up swirling and throw 
the flask contents back against the blades. With 
this apparatus operating for 20-30 minutes on 
cartilage and water, in the ratio of 1 gm (d. wt.) 
of cartilage/100 ml water, it was found easy to 
extract the chondromucoprotein in yields amount- 
ing to 30% of the dry weight of the cartilage and 
containing about 50% of the total hexosamine in 
the cartilage. It was found possible to get still 
higher yields of chondromucoprotein. To do this 
it was necessary to extend the time of operation 
of the Virtis-45 as well as to increase the propor- 
tion of water used. Table 1 shows the yields of 
chondromucoprotein and of dried cartilage 
residue obtained per gram (d. wt.) of initial 
cartilage. In the course of this work it was found 
that cartilage dried with alcohol or acetone gave 
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TABLE 1. YIELDS OF CHONDROMUCOPROTEIN 
(CMP) AND CARTILAGE RESIDUE FROM AN 
AMOUNT OF CARTILAGE HAVING 1 GM DRY 
WEIGHT 
Yields (gm) 

: Stirring | Ml H20/ . anid deo 
Starting Rat ti. | Time of ¥ 
Cartilage RPM hom (dry) Stirring cm So 

residue 
Wet... 200 25 1 day | .050 
Wet..... 200 90 19 days | .140 
Wet..... 45,000 | 120 30 min | .236 | .706 
|S a area 45,000 | 120 30 min | .272 | .702 
DEY... 45,000 135 60 min | .348 | .557 
| 3 i papper 45,000 | 280 60 min | .462 | .495 




















the same yield of chondromucoprotein as fresh 
wet cartilage. Optimum conditions for extracting 
chondromucoprotein seemed to occur when the 
machine was operated for 1-114 hours and about 
300 ml water was used/gm of cartilage (d. wt.). 
During this time the two razor blades had each 
made between three and four million revolutions 
through the cartilage suspension. An ice bath 
kept the temperature between 10 and 15°. Under 
these optimum conditions the yield of mucopro- 
tein was 45% of the dry weight of the cartilage 
and it contained over 80% of the hexosamine of 
the cartilage. Table 1 shows that the procedure 
described separates the cartilage almost quanti- 
tatively into two fractions, each as a fine, white, 
dry powder which appears to be chemically under- 
graded. The distribution of several of the com- 
ponents of cartilage between these two fractions 
is shown in table 2. The hydroxyproline content 
of the cartilage residue indicates that it is about 
80% collagen. 

The mucoprotein isolated by the mechanically 
drastic conditions using the Virtis-45 had the 
same composition and properties as that isolated 
in smaller yield by the earlier and mechanically 
milder method of stirring at slow speeds, as 
shown in table 3. This is evidence that the muco- 
protein isolated is not significantly affected by the 
mechanically violent method of extraction. The 
mucoprotein meets the first fundamental re- 
quirement to be regarded as, a compound, that of 
constancy of composition under varied conditions 
of extraction. This requirement is also met by 
the preparation of different salts. The three salts 
chosen were those with potassium, barium and 
hexamminecobaltic cations. This choice was 
made because the mucoprotein salts with each 
of these cations were precipitated under widely 
different conditions of alcohol concentration; 
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TABLE 2. WEIGHT IN MG OF SEVERAL COMPONENTS 
IN 1 GM OF DRY CARTILAGE AND IN THE CHONDRO- 
MUCOPROTEIN AND RESIDUE INTO WHICH THE 
CARTILAGE IS SEPARATED UNDER OPTIMUM 


CONDITIONS 
Dry 
Component Cartilage CMP Residue 
| SRR Sa 1000 460 490 
Hexosamine...... 95 78 17 
Sulphur. ......... 25 18 5 
Hydroxyproline... 51 0.0 49 
Re 55 4.6 51 
Nitrogen......... 83 24 60 


TABLE 3. COMPOSITION OF CHONDROMUCOPROTEIN 
ISOLATED BY SLOW SPEED STIRRING AND HIGH 
SPEED HOMOGENATION (FIGURES ARE %) 


Slow Speed High Speed 
Hexosamine............ 17.4 17.4 
PS ci kL: a 5.3 5.2 
Hydroxyproline......... 0.0 0.0 
Potassium........... ee 8.7 9.2 
PANE. 5s. ss ss 9.5 8.0 


the potassium salt was precipitated only at con- 
centrations of aleohol over 50% (v/v), the barium 
salt at concentrations of alcohol over 20%, the 
hexamminecobaltic salt was precipitated directly 
from water and required no alcohol at all. Salts 
with these different cations, precipitated under 
different conditions, all continued the same ratio 
of protein to polysaccharide as determined by 
the ratio of the percentages of nitrogen to 
hexosamine (correcting of course for the nitrogen 
in the complex cation of the cobaltic salt). The 
constancy of this ratio during the course of re- 
peated reprecipitations of these salts constituted 
further evidence that chondromucoprotein was a 
definite compound and not merely a mixture of 
protein and polysaccharide. The protein content 
amounted to 27%. These products also contained 
an amount of metal cation equivalent to the 
anionic groups of the chondroitin sulphate. This 
is an indication that the link between protein 
and polysaccharide is not salt-like, since the 
counterion to the polysaccharide anion can be 
accounted for as metal cation. 

Another experimental procedure that indi- 
‘ated the protein and polysaccharide were com- 
bined was to follow the course of the adsorption 
of the protein to kaolin. A solution of the muco- 
protein in water acidified to a pH of about 5 and 
stirred repeatedly with fresh portions of kaolin 
showed a progressive loss of protein as judged 
by the fall in optical density of the solution at 
280 my. After 12 such treatments with kaolin 
there was no protein detectable in the solution. 
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At the same time there was no chondroitin sul- 
phate left and no mucoprotein as judged by the 
absence of anything in the solution that could be 
precipitated by hexamminecobaltic cation. Un- 
der the conditions of this procedure, free chon- 
droitin sulphate was not adsorbed to the kaolin 
and if any had been present in the mucoprotein 
it would have been left in solution. 

Still another experimental procedure indicat- 
ing the combination of protein and_polysac- 
charide in the mucoprotein was the complete 
absence of any material in a solution of the muco- 
protein that could filter through a fritted glass 
bacterial filter rated to have a pore diameter of 
one micron. Filtration of 1% solutions of chondro- 
mucoprotein in water, in 1m potassium chloride, 
or in 5M calcium chloride yielded filtrates con- 
taining no detectable protein or polysaccharide. 
When some free potassium chondroitin sulphate. 
was added to a solution of the mucoprotein and 
the mixture was filtered through the bacterial 
filter the chondroitin sulphate appeared in the 
filtrate. Another conclusion to be drawn from 
such filtration experiments with chondromuco- 
protein is that bovine nasal cartilage contains 
no detectable amount of free chondroitin sulphate. 

Further evidence for the stability of combina- 
tion of protein and polysaccharide in chondro- 
mucoprotein was derived from an electrophoretic 
study (14a). Over the pH range from 2-10 the 
mucoprotein moves as a single component show- 
ing a sharp spike. This spike showed only slight 
dissymmetry over most of this range but became 
more marked at pH.4.6. Over the pH range 5-10 
the mobility of the polyanion was constant with a 
value of 13.6 X 107° em? volt sec. This mobil- 
ity value was rather remarkably close to the mo- 
bility of the chondroitin sulphate polyanion meas- 
ured over the same range and found to be 14.4 x 
10~* cm? volt sec. As pH values are made lower 
than 5 the mobilities of both the mucoprotein 
and chondroitin sulphate polyanions drop. This 
is the range where carboxylate ions become pro- 
tonized. At the lowest pH value reached (1.7), 
mobilities have dropped only about 30% of their 
values at the plateau. Thus over the pH range 
from 2-10 the polyanion of chondromucoprotein 
behaves as a single component with a mobility 
only slightly less than that of chondroitin sul- 
phate. This behavior means that over this pH 
range there is no significant dissociation of the 
mucoprotein into protein and _ polysaccharide 
components. It means also that the linkage be- 
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tween these components is not salt-like and that 
most, if not all, of the anionic groups of the poly- 
saccharide component are as free as they are in 
chondroitin sulphate. The electrophoretic be- 
havior of the chondromucoprotein at pH values 
greater than 10 was of particular interest. At pH 
11 a small component appeared with a lower 
mobility and at pH 12.5 there was essentially 
complete dissociation into two components, the 
faster with the same mobility as that of chon- 
droitin sulphate, the slower with a mobility 
about 24 that of chondroitin sulphate. The slower 
component accounts for about 30% of the pat- 
tern area. This is about the proportion of protein 
estimated to be in the mucoprotein. Yet the mo- 
bility of this component is so high as to suggest 
that it still retains some anionic polysaccharide. 
The dissociation of the mucoprotein into two 
components at pH 12.5 is not reversible. Acidifi- 
cation of a solution of mucoprotein to a pH of 3.3 
after it has been exposed to pH 12.5 also shows 
two components, the faster with a mobility like 
that of chondroitin sulphate, the slower with 
almost the same mobility it had at pH 12.5. This 
irreversible dissociation of the mucoprotein at 
pH values over 11 is, of course, the basis of the 
method used since the time of Krukenberg (2) 
for the extraction of chondroitin sulphate from 
cartilage. 

The breakdown of chondromucoprotein with 
alkali yields chondroitin sulphate as the main 
product. The mildest conditions so far found for 
the production of pure chondroitin sulphate in 
maximum yield are to let a 1% solution of the 
mucoprotein stand in the presence of 0.1m 
NaOH at 24° for 20 hours. Simple precipitation 
with alcohol in the presence of barium chloride 
repeated three or four times yields crystalline 
barium chondroitin sulphate in an amount 70% 
of that calculated on the basis of the condroitin 
sulphate content of the chondromucoprotein (13). 

The protein component of the mucoprotein has 
been studied by Partridge and Davis (15). They 
extracted dried bovine nasal cartilage with an 
aqueous solution containing 30% KCl and 1% 
K.CO; at 0° to minimize the simultaneous ex- 
traction of collagen. Zone electrophoresis showed 
that in the extracts a part of the protein migrated 
with the chondroitin sulphate. After treatment of 
these extracts with .5m NaOH at 25° for 4 hours 
the protein and polysaccharide migrated sep- 
arately. From extracts of cartilage made with the 
KCI-K.CO; solution, they were able to isolate a 
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product containing 10% protein. This would 
appear to be a partially degraded chondromuco- 
protein. Partridge and Davis hydrolyzed their 
product in two different ways to separate a 
protein component. One way was with 1% acetic 
acid containing some picric acid at 100° for 6 
hours, from which protein was recovered in a 
yield of 5.4% by weight. The second way was 
with .5m KOH at 15° for 20 hours, from which 
the protein was recovered in a yield of 2.7% by 
weight. An amino acid analysis of these two pro- 
teins gave substantially the same results, hy- 
droxyproline was absent, acid amino acids ac- 
counted for about 19% and basic amino acids 
accounted for 7.5% of the protein. 
Chondromucoprotein contains about 73% 
chondroitin sulphate with all its anionic groups 
free. It is for this reason that many of the 
properties of the mucoprotein and chondroitin 
sulphate are similar. Both are polyelectrolytes 
with anionic groups identical in kinds and pro- 
portion. Under appropriate conditions both give 
strongly metachromatic colors with metachro- 
matic dyes. In aqueous solution both can be 
completely precipitated with hexamminecobaltic 
chloride or hexol nitrate, with lysozyme or pro- 
tamine and with cetylpyridinium chloride. In all 
these cases the precipitates are reversibly soluble 
on the addition of neutral salts. Both show the 
properties of anionic polyelectrolytes of binding 
simple cations in solution, and to about the same 
extent (16). As pointed out above, their electro- 
phoretic behavior is similar except at pH above 
11. The mucoprotein, contrary to the definition 
of Levene (7), in dilute solution is not significantly 
precipitated on the addition of acetic acid but the 
opalescence of the solutions is markedly in- 
creased. None of the common protein precipi- 
tants precipitate chondromucoprotein. In the 
presence of added protein either chondroitin 
sulphate or chondromucoprotein will give pre- 
cipitates if the pH is adjusted so that the added 
protein carries sufficient cationic charges. Thus 
lysozyme produces precipitates even at pH as 
high as 9, serum globulins produce precipitates up 
to pH 7 and serum albumin produces precipitates 
only up to pH 4.5 (17). These are salt-like pre- 
cipitates similar to those studied by Meyer, 
Palmer and Smyth (9), in which there is an 
equivalence between the cationic groups of the 
protein and the anionic groups of either the 
chondroitin sulphate or the chondromucoprotein. 
Even insoluble collagen at sufficiently acid reac- 
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tion, pH 4, where it binds protons and becomes 
cationic, also binds chondroitin sulphate by 
forces that appear to be entirely electrostatic (18). 
Chondromucoprotein, alone in water, does not 
precipitate at acid reaction. Its content of pro- 
tein, and of basic amino acids in this protein 
(15), is too small even to approach equivalence 
with the anionic chondroitin sulphate. The salt- 
like binding that can occur between cationic 
proteins and chondroitin sulphate or chondo- 
mucoprotein is the root reason for the confusion 
that has existed for so many years as to whether 
chondroitin sulphate occurs in cartilage as a salt 
with protein and whether the products isolated 
and called protein-polysaccharide complexes were 
salts. Many of the products isolated, starting 
with the chondromucoids of Mérner (3) and of 
Schmiedeberg (4), appear to have been mixtures 
of salts of chondromucoprotein and of chondroitin 
sulphate with proteins derived from the collagen 
of cartilage or by partial degradation of the 
chondromucoprotein. Such salts do not exist in 
cartilage. Chondromucoprotein seems to exist in 
the cartilage as a salt of the dominant cation of 
cartilage, sodium. Most of it is not bound to 
collagen and not more than minute amounts 
could exist as free chondroitin sulphate. 
Chondromucoprotein and chondroitin sulphate 
seem to differ most in those properties related to 
molecular weight. In the first description of 
chondromucoprotein (12) it was noted that its 
solutions had viscosities which were high com- 
pared with those of chondroitin sulphate. Blix 
and Snellman (19) tried by very gentle methods 
to prepare chondroitin sulphate in a state as 
nearly native as possible. They extracted car- 
tilage with calcium chloride solution, shook their 
product for seven days with chloroform and amy] 
alcohol and used fuller’s earth to adsorb residual 
protein. Their product was 1% of the dry weight 
of the cartilage used and had a nitrogen content 
of 2.6 to 3.0%. This could represent a mixture of 
15% chondromucoprotein (N5 .2%) and 85% 
sodium chondroitin sulphate (N2 .4%). Viscosity 
and double refraction of flow were used to es- 
timate molecular length and molecular weight. A 
minimum value of 260,000 for molecular weight 
was deduced. They also noted that with dilute 
alkali at room temperature their preparation was 
apparently rapidly depolymerized to a rather 
definite point, with a molecular weight estimated 
at 50,000. This is the basis for the opinion fre- 
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quently expressed that chondroitin sulphate is 
unstable in dilute alkali. In the light of the easy 
breakdown of chondromucoprotein by alkali, it 
seems better to interpret their results as due to a 
content of 15% mucoprotein in their chondroitin 
sulphate. Mathews (20), after a very careful 
study of molecular weights of chondroitin sul- 
phate prepared by different methods, has con- 
cluded that disagreement between methods of 
molecular weight determination could be ae- 
counted for by the presence in the chondroitin 
sulphate of protein complexes with molecular 
weights in the range 10° and 10’. Chondroitin 
sulphate itself, if not too roughly handled, he finds 
to have a molecular weight of about 50,000. A 
recent study by Mathews and Lozaityte (21) re- 
ports a molecular weight of 4.0 x 10° for a 
product prepared as the chondromucoprotein 
described above. 

It seems that in bovine nasal cartilage at least 
45% of the dry weight of the cartilage consists 
of water-soluble chondromucoprotein, a com- 
pound of chondroitin sulphate and a_non- 
collagenous protein, in which the linkage is as 
yet unidentified but is not salt-like. The molecu- 
lar weight of chondromucoprotein is probably 
over 10°. There is no evidence that this extracta- 
ble mucoprotein is bound to collagen. The carti- 
lage residue seems still to retain some mucoprotein 
not extractable by the methods described. 
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INTRODUCTORY REMARKS 


LymaN C. Cra: 


From the Rockefeller Institute for Medical Research, New York City 


: Is Now rather generally accepted that 
efficient separation methods are basic to the 
advance of information in biochemistry. The 
almost immediate acceleration made subsequent 
to a major improvement in separation tech- 
niques has long since demonstrated a sound 
basis for this view. It would, therefore, appear a 
waste of time to begin this symposium by a 
discussion of the need for better separation 
methods. No one enjoys being shown that his 
preparation is a mixture. For this reason it some- 
times seems that an advance is greeted with 
resentment, yet a tremdendous effort is being 
made with possible technique 
imaginable. 

In fact, the effort has covered such a wide 
field that it was difficult to decide specifically 
what advances we should try to cover in this 
symposium. It was not possible to reach a com- 
pletely satisfactory solution to this problem 
and therefore we make no claim to an attempt 
for complete coverage. For instance, vapor phase 
chromatography is currently of great interest. 
A strong effort to include this subject was not 
made because there have been so many symposia 
given lately in this country in which it was well 
covered. The same could be said of zone electro- 
phoresis and others. 

All biochemists are aware that considerable 
advances in separation methods have been made 
in the past 15 years. Yet a minimum of reflection 
on the nature of the problems still to be solved 
will be sufficient to indicate that we are in need 


nearly every 
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of separation tools with a yet much higher order 
of selectivity, versatility, speed, etc. than any- 
thing now available. Furthermore, we should not 
overlook the advantage for certain studies of 
scaling down the methods to treat even smaller 
quantities than is now possible. 

It would at first appear that only methods with 
a reasonably high basic selectivity should be 
chosen for further improvement, yet, if the pro- 
cess lends itself well to application of the counter- 
current principle, persistent experimentation 
will go far toward accomplishing the result de- 
sired. The various forms of chromatography 
have demonstrated that this is true. Membrane 
diffusion may be cited as an example of a process 
of potentially high selectivity but thus far not 
incorporated into a truly efficient countercurrent 
process. 

Experience has shown that the surest way to 
reach the highest overall selectivity is by the 
successive use of methods whose selectivities 
are based on widely different physical properties. 
These physical properties may be solubility, 
adsorptivity, electric charge, volatility, molecular 
size, ete. 

If several separation tools are to be applied 
successively, it is obvious that speed and ease of 
operation for each becomes more essential. 
Better instrumentation and automatic control 
will be required, since in general each process is 
highly selective only under rather closely con- 
trolled conditions. 

Unfortunately the problem of separating natu- 
ral products does not depend alone on the se- 
lectivity of methods. It is also complicated by 
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problems of stability, states of association and 
conformational changes. These complications 
are intensified in the larger molecules, perhaps 
even more than we now realize. 

Finally a word should be said about the analyti- 
cal or detection aspects of separation processes. 
Our present separation methods are possible only 
because of the development of highly sensitive 
quantitative methods of detection which can 
supply dozens of results quickly for scanning 
purposes. An excellent example is the quantita- 
tive ninhydrin method to be treated in one of 
the papers of this symposium, as well as the 
many spectroscopic procedures too numerous 
to mention. All too often much more time is 
required for evaluation of a separation than for 
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making the run itself. Furthermore, in a very 
efficient fractionation the evaluation may not 
be decisive even though the separation itself 
could be. For instance, the shape of an effluent 
pattern may indicate a degree of resolution, but 
unless some independent but direct analytical 
support can be given the result remains in doubt, 
since there remains the possibility that the shape 
of the curve is due to some departure from ideality 
in the system. Although the importance of de- 
tection and estimation methods to this sym- 
posium is recognized, it was thought that they 
should be treated in separate symposia because 
of the time required to cover such a broad sub- 
ject. 


AUTOMATIC RECORDING APPARATUS FOR USE IN THE 
CHROMATOGRAPHY OF AMINO ACIDS 


SraNFrorD Moore, Darrewt H. SpAcCKMAN AND WILLIAM H., STEIN 


From the Rockefeller Institute for Medical Research, New York City 


- EQUIPMENT described in this report has 
been designed to record automatically (1) the 
results of the chromatographic separation of 
amino acids by ion exchange colurins (2). The 
need for such equipment became particularly 
apparent during the course of research on the 
structure of ribonuclease. Our knowledge of the 
chemical structure of this enzyme, which is not 
quite complete as of this writing, rests largely 
upon the work of Dr. C. H. W. Hirs in this 
laboratory (3, 4) and of Dr. C. B. Anfinsen and 
his associates (5, 6) in Bethesda. Each step in 
the studies by Dr. Hirs (each operation on each 
peptide) has been monitored by quantitative 
amino acid analyses, much in the same way that 
C, H, and N analyses are used in structural 
studies of simpler organic molecules. A con- 
siderable part of the progress to date on ribo- 
nuclease would not have been possible without 
recording equipment. If the elucidation of the 
structures of other proteins is to be undertaken 
in a similar manner, some of them larger and 
more complicated than ribonuclease, it will be 
helpful to be able to run as many accurate amino 
acid analyses as are required to explore the 
problem thoroughly and with precision. 


The research on instrumentation has also 
been prompted by the realization that there are 
several other areas of investigation which would 
profit if amino acid analysis were a little easier 
and less time-consuming. For example, it is 
frequently desirable to know the distribution of 
amino acids in human blood plasma, urine, or 
tissue extracts and all of these materials have 
been analyzed by the manual methods developed 
in earlier years (7, 8). The same chromatographic 
systems also permit the analysis of foods for 
their content of nutritionally important amino 
acids (9, 10). 

In beginning the discussion of the new equip- 
ment, it is perhaps best to consider first just 
what it is that is being rendered automatic. 
The familiar type of effluent curve is obtained by 
analyzing fractions collected from a column of 
sulfonated polystyrene resin eluted with buffers 
ranging from pH 2 to pH 5. From the acidic 
resin the most acidic amino acids emerge first 
and the most basic, or most aromatic, last. 
In describing the instrumentation that is placed 
at the effluent end of the column in order to plot 
this curve automatically, we do not wish to 
lose sight of the role of the column itself, for this 
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symposium is concerned with methods of sepa- 
ration and it is the column that accomplishes the 
separations. The chromatographic resolution 
obtained is a result of the fact that the compo- 
nents of the mixture have detectably different 
finite distribution coefficients between the flowing 
buffer phase and the finely divided resin phase. 
The amino acids are eluted serially from the 
column and a chromatogram operated in this 
way (elution analysis) is in essence an extremely 
simple automatic device for carrying out the 
equivalent of repeated adsorptions and elutions. 
Thus, the heart of the equipment to be described 
is the ion exchange column, the operation of 
which leads to the physical separation of the 
amino acids. The particular problem with which 
we are now concerned is how most effectively to 
capture and to record automatically the results 
of that separation. 

One approach would have been to take tubes 
from a fraction collector and analyze them auto- 
matically rather than manually. This would 
have given a stepwise record, from which a curve 
of the usual type could be constructed. It seemed 
preferable, however, to bypass the fraction col- 
lector and to monitor continuously the stream 
flowing from the bottom of the column, thereby 
regaining some resolving power that is un- 
avoidably sacrificed by collecting the effluent in 
1-ml or 2-ml fractions. 

A schematic diagram illustrating the ap- 
proach that has been taken is shown in figure 1. 
On the right are two constant speed pumps. 
One drives the buffer at constant rate through 
the ion exchange column, while a second delivers 
ninhydrin reagent into the effluent from the 
column. The mixture flows through a coil which 
is immersed in a boiling water bath and possesses 
a length such that it takes 15 minutes for a given 
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Fig. 1. Schematic diagram illustrating design 
of automatic recording equipment. 
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portion of the solution to pass through. During 
this period, the blue color formed from a-amino 
acids in the ninhydrin reaction and the yellow 
colors from proline and hydroxyproline are 
developed. The resulting solution passes through 
a photometer, each unit of which consists of a 
light source, lens, interference filter and photo- 
voltaic cell. The results in optical density units 
are plotted against time as three curves by a 
multipoint recorder. 

Two aspects of this scheme, which may seem 
elementary, are essential in order to obtain 
peaks that are sharp and well resolved. One is 
the need to minimize mixing of the effluent. 
If one segment of the effluent is mixed with the 
next, obviously there will be a loss of resolution. 
Resolving power has been maintained by using 
Teflon tubing of a very narrow bore (0.7 mm) 
for the heating coil and most of the lines. The 
main portion of the photometer cell is only 2 
mm in diameter. Another apparently small 
consideration that presented many problems is 
the necessity for working with an aqueous 
solution at 100° without the formation of any 
bubbles. A bubble-free stream entering the 
photometer is essential if a smooth recording is 
to be secured. The problem has been solved by 
two means. A deaerating device maintained at 
100° has been placed in the line leading to the 
pump so that dissolved air is steadily removed 
from the influent buffer before it enters the sys- 
tem; secondly, a back-pressure of 10 cm Hg 
has been applied to the coil so that it becomes a 
small pressure cooker. 

The complete apparatus, as it is now used in 
the laboratory, is shown in figure 2. On the right 
are small piston-type stainless steel pumps which 
draw the buffers and ninhydrin reagent from the 
reservoir bottles. The ion exchange columns are 
of two general sizes, 150 x 0.9 cm for the acidic 
and neutral amino acids, and shorter, 15 or 50 x 
0.9 cm, for the basic amino acids. The long 150- 
em columns extend through the bench top into 
the cabinet below to keep the arrangement 
compact. 

The resin used with this equipment is Amber- 
lite IR-120, an approximately 8% cross-linked 
sulfonated polystyrene resin (marketed by 
Rohm and Haas Co. as a very finely pulverized 
powder). The speed at which buffer can be 
pumped through the columns without loss of 
resolving power depends upon the particle size 
of the resin. The columns are packed with par- 
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Fig. 2. Automatic recording apparatus as now used in the laboratory. 


ticles having an average diameter of about 40 
microns, which permit a flow rate of 30 ml/hr. 
at our operating pressure of about 4 atmospheres 
on a 150-cm column. The 40-micron particles 
are most conveniently obtained from the com- 
mercial powder by a hydraulic method of sepa- 
ration recently worked out by Dr. Paul Hamilton 
(11), to whom we are very much indebted for 
the details of his classification procedure. 

The ninhydrin reagent is pumped into the 
efluent which is brought up from the bottom 
of the column to the Teflon stopcock shown in 
the center of the illustration. The resulting 
mixture of effluent and reagent passes from the 
manifold through the coil in the boiling water 
bath (in the heating mantle) and flows to the 
top of a specially designed photometer which 
was constructed in the instrument shop of the 
Rockefeller Institute and is shown above the 
recorder in figure 2. The top unit of the photome- 
ter measures the optical density at 570 my, the 
second has a filter that transmits at 440 my to 
measure proline and hydroxyproline, if present, 
and the third unit also measures the intensity at 
570 mu, except that in this case the cell is one- 
third the diameter of the top one, so that if the 


readings in the top cell go off scale (above an 
optical density of 1.4) the curve from the third 
cell can be integrated. 

An effluent curve plotted by the instrument 
from a hydrolyzate of hemoglobin is shown in 
figure 3. A solenoid-operated stopcock or three- 
way valve automatically effects the change from 
a pH 3.25 buffer to one at pH 4.25 midway in 
the run. The jacketed columns are maintained 
at 50° throughout the experiment. The analysis 
in which the 150-cm column is used requires 
overnight operation, whereas the determination 
of the basic amino acids and ammonia on the 
15-cm column at pH 5.28 is completed in 44% 
hours during the day. The recovery of each 
amino acid added to the column is quantitative. 
If recording equipment is not available, this 
same combination of columns and buffers can be 
employed with fraction collectors to obtain 
slightly less rapid results. The same ion ex- 
change columns are used over and over again 
indefinitely and the positions of the peaks on 
the curves are precisely reproducible. 

In this manner, each morning, if desired, there 
is available a record of the separation of amino 
acids achieved by the ion exchange columns. 
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Fig. 3. Amino acid analysis of a hydrolyzate of human hemoglobin A. The load on each column cor- 
responded to the hydrolyzate from about 2 mg of the protein. 


The resolution is complete for the components 
of most protein hydrolyzates. 

Once the record is obtained, the next step is 
the integration of the peaks. Although three 
curves are printed, only one is integrated for 
sach peak. For this purpose it is possible to add 
up the optical density units at 1-ml intervals, 
but it is usually simpler and more rapid to find 
the area under a peak by multiplying the height 
times the width at half the height. The net height 
is read from the curve. The width at half the 
height can be measured in millimeters, but is 
now determined by a convenient technique 
introduced by Dr. E. G. Pickels, to whom we 
are greatly indebted for this aid to integration. 
According to his suggestion, advantage is taken 
of the fact that the recorder prints each of the 
three curves as different colored dots. The num- 
ber of dots above the half-height line is used as a 
measure of the width in terms of time. To 
facilitate the counting of the dots, black ink is 
used for every fourth dot. The width can usually 
be measured in this way with an accuracy of 
0.25%. The instrument is initially calibrated with 
a known synthetic mixture of amino acids in 
order to obtain height-width constants applicable 
to the integration of each peak. Once determined, 
these constants are used in subsequent experi- 
ments to calculate the micromoles of each amino 
acid present. A typical chromatogram can be 


integrated by an experienced operator in about 
an hour with an accuracy and precision of 100 + 
3% over a wide range of loads. Normally, the 
hydrolyzate from about 2 mg of protein is used 
for an analysis, but a load 149 this size is prac- 
ticable, in which case peaks as low as 0.02 optical 
density units are obtained and can be integrated 
with fair accuracy. If necessary, results can be 
secured with this equipment on samples no 
larger than those needed for paper chroma- 
tography, namely, 5-10 wg of each amino acid. 
The sensitivity of the recorder is largely a result 
of the stability of the base line, which is constant 
to +0.001 optical density units before and after 
a peak. 

The recorder is now used routinely in our 
laboratory whenever protein hydrolyzates are 
analyzed. As an example, referred to earlier, 
the amino acid composition of an acid hy- 
drolyzate of human hemoglobin A, purified by 
zone electrophoresis by Dr. Henry Kunkel of 
the Rockefeller Institute (12) is illustrated in 
figure 3. Perhaps the most interesting feature of 
this curve is that it showed pure hemoglobin A 
to be devoid of isoleucine, which, if present, 
would appear between methionine and leucine. 
Thus, earlier less pure preparations of normal 
hemoglobin reported to contain isoleucine must 
still have been contaminated by other proteins. 

Other aspects of protein chemistry can also 
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gain from the use of the recorder. For example, 
after a protein has been modified chemically, 
accurate amino acid analyses frequently reveal 
much about the course of the reaction. When, 
in structural studies, a protein is split into pep- 
tides by enzymatic action, the analysis of each 
peptide isolated provides an important criterion 
of purity before detailed structural studies are 
undertaken. When the Edman degradation is 
employed to determine the sequence of the 
amino acid residues in a peptide, a portion of 
the peptide remaining after each stage of the 
degradation is analyzed and quantitative ob- 
servation is thus made of the order in which 
the different amino acids drop out of the picture. 
There are advantages in determining quantita- 
tively the amino acid residues remaining in the 
peptide rather than relying solely upon the 
estimation of the extracted phenylthiohydantoins, 
but without automatic recording equipment 
it would be too time-consuming to follow the 
Edman degradation in this manner. 

The main use of the recording equipment in 
our laboratory thus far has been in studies of 
the detailed structure of proteins-and peptides. 
The curves provide a documentary record of 
each step in the elucidation of the structure of 
pancreatic ribonuclease (4). We hope that the 
equipment may be helpful to others in a similar 
way. 

Another use of the method has been in the 
determination of the 50 or more ninhydrin- 
positive constituents that research has shown 
to be present in detectable concentrations in 
physiological fluids. The same instrument and 
similar ion exchange columns can be used for 
this purpose, with minor modifications. The 
resolving power that can be obtained when the 
complex mixtures of substances found in blood, 
plasma, urine and tissue extracts are chro- 
matographed is illustrated in figures 4-6. The 
separation of the neutral and acidic components 
shown in figures 4A, 5A and 6A has been at- 
tained simply by starting the 150-cm column at 
30° instead of 50°. A change to the higher tem- 
perature is made automatically at the half-way 
point. This same modification is also helpful 
when hydroxyproline is determined in protein 
hydrolyzates. Included in the figures are com- 
pounds such as_ glycerophosphoethanolamine, 
citrulline, cystathionine, 6-alanine and B-amino- 
isobutyric acid. A wide variety of basic amino 
acids and related compounds, such as y-amino- 
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butyric acid, ornithine, ethanolamine and the 
1- and 3-methylhistidines, can be determined 
using a 50-cm column of Amberlite IR-120 
at 30° and 50° (figs. 4B, 5B and 6B). Although 
they do not appear in the figures, glucosamine, 
hydroxylysine, carnosine and anserine can also 
be determined on these columns. A few of the 
points brought out by these curves are note- 
worthy. For example, a trace of hydroxyproline 
has been detected in normal fasting plasma for 
the first time (fig. 4). There are still several 
unknown peaks on the curves from human urine 
and, among the less usual amino acids, B-amino- 
isobutyric acid is well separated by the system 
used. Aspartic and glutamic acids are virtually 
absent, as is usually found to be the case in 
urine. In the liver extract (fig. 6), glutathione 
has been moved ahead by reaction with sulfite 
which converts it to the S-sulfonate (2). There 
is one unknown eluted between urea and aspartic 
acid, and #-alanine is present in considerable 
amount. The absence of arginine in figure 6 
doubtless is a result of its conversion to ornithine 
by liver arginase. 

Another example of the application of the 
recorder to tissues can be found in the recent 
studies of Dr. Harris H. Tallan (16) who ex- 
plored the free amino acids of the human brain. 
A major peak was noted that had not been ob- 
served in extracts of the brains of other species. 
The amino acid in question was isolated in suffi- 
cient quantity to characterize it unequivocally as 
L-cystathionine. The human brains which were 
analyzed contained 25-50 mg of cystathionine 
per 100 gm of tissue, whereas the brains of the 
cow, rat, chicken, cat and other species contained 
less than 149 this amount. The brain of a Rhesus 
monkey was found to contain an intermediate 
quantity, 1244 mg/100 gm. The interpretation 
of this finding requires further work, but it may 
be noted that Hope and Blaschko in England 
(17, 18) have recently demonstrated a relation- 
ship between vitamin Bs, deficiency and cysta- 
thionine excretion and that cystathionase has 
been reported (19) to be a pyridoxal phosphate 
requiring enzyme. 

The present equipment has been used only for 
separations on an analytical scale, thus far. The 
results shown have all been obtained from types 
of .aaterials that have already been studied fairly 
thoroughly by the fraction collector method and 
identification of most of the major constituents 
has been confirmed previously by detailed chemi- 
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cal methods and by paper chromatography. 
Many amino acids encountered in plant and bac- 
terial metabolism, however, have not yet been 
covered. When the recorder is employed to 
analyze types of mixtures not studied before, the 
position of a peak on the effluent curve will not 
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of itself suffice for purposes of identification. It 
should, however, be possible to use the recorder 
to monitor preparative-scale seperations by 
directing perhaps 149 of the effiuent to the 
recorder and %o to a fraction collector. 

This equipment may also probably be used in 
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neutral amino acids on a 150-cm column. B, determination of the basic amino acids on a 50-cm column. 
Sample added to each column corresponded to 4 ml of plasma obtained from an adult in the postabsorp- 
tive state. The effluent curves can be compared with similar results obtained by manual method (13). 
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Fig. 5. Analysis of normal urine. A, determination of acidic and neutral amino acids on a 150-cm 
column. B, determination of basic amino acids on a 50-cm column. Samples applied to the 150-cem and 
50-cm columns were 2 ml and 1 ml of urine, respectively. The effluent curves can be compared with re- 


sults obtained by the manual method (14). 


experiments with radioactively-labeled amino 
acids. Schram and Lombaert (20) in Brussels 
have described a recording scintillation counter 
which measures the concentration of C“ or S* 
in the flowing stream. No plating out is necessary. 
Their counting cell is designed to be inserted at 
the bottom of the ion exchange column ahead of 
the fraction collector or the recorder. It should 


be possible, therefore, to obtain in an overnight 
run a measurement of the quantities of all of the 
amino acids in a protein hydrolyzate, together 
with a simultaneous record of the amounts of 
radioactivity incorporated into each. 

The use of the instrument to record the sepa- 
rations of peptides achieved with columns of 
Dowex 50-X2 (21) is probably feasible, but the 
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Fig. 6. Analysis of a protein-free extract of rat liver. A, determination of acidic and neutral amino 
acids on a 150-cm column. B, determination of basic amino acids on a 50-cm column. Filtrate from about 
0.6 gm of tissue was added to each column. Glutathione was converted to the S-sulfonate before chroma- 
tography. The effluent curves can be compared with results obtained when the manual method was 
applied to extracts of cat liver (15). 


application to the chromatographically much necessity in the operation of the present instru- 
more difficult problem of the separation of pro- ment, a color reaction is first performed on the 
teins has not yet been examined. effluent and then a photometric measurement is 

In this connection, it should be noted that of | made. Whenever absorption in the ultraviolet can 
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be used directly, without a need for a color- 
forming reaction, it is, of course, far simpler to 
monitor the effluent at 240 or 280 muy, as has 
frequently been done in the separation of purines, 
pyrimidines and other compounds with sufficient 
inherent absorption, including some proteins. 

The present method suffers from the limita- 
tions that the instrumentation involves considera- 
ble initial expense and that the results still take 
time to secure—of the order of 24 hours for the 
analysis of a protein hydrolyzate. Some of the 
advantages are obvious, notably the improve- 
ment in speed and convenience over the methods 
available heretofore. Actually, however, speed 
and convenience, useful though they may be, 
probably are not the most important assets of 
recording equipment. In our experience, the 
greatest value resides in the fact that such equip- 
ment acts as an objective and constant observer 
of the full course of a chromatographic experi- 
ment. From such observations we have often 
gained much valuable and unexpected informa- 
tion. 





We would like to acknowledge the help and en- 
couragement we have received from friends and 
associates who have built analyzers according to 
this design. They have shared generously with us 
some of the troubles that they have had and have 
given us the benefit of their experience with the 
method. 
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Ba CHROMATOGRAPHIC TECHNIQUE has been 
so widely and successfully applied to separation 
problems with amino acids, lipids, sugars and 
many other substances that it has been a most 
important factor in recent advances in biochem- 
istry. The record is quite different, however, 
when one considers the application of this tech- 
nique to proteins and other high molecular weight 
polyelectrolytes. It is now just beginning to take 
its place in the fractionation of macromolecules; 
however, the transition is a difficult one and is 
still incomplete. Adsorbents, new and old, have 
to be evaluated in the light of the special require- 
ments of the sensitive, giant molecules. Problems 
of stability, of capacity and of equilibrium have 
to be solved or avoided. 

The adsorption chromatography of proteins is 
complicated by several factors which are of only 
minor importance in the chromatography of 
simpler molecules. An obvious example is the 
large size of the protein molecule which prevents 
its entry into resin particles. Another is the in- 
stability of the molecule itself, which severely 
limits the choice of solvents and eluants and im- 
poses special conditions of operation, such as low 
temperature and restricted pH range. 

In view, of the multicharged nature of these 
polyelectrolytes, it is to be expected that the 
range of conditions within which both adsorp- 
tion and desorption occur will be small. While 
adsorption is enhanced at low salt concentrations, 
desorption is favored by increased salt and/or a 
change in pH. The major effect of pH must be 
that of changing the number of charges on the 
protein and, in some cases, on the adsorbent, 
whereas the effect of salt must be predominantly 
one of promoting dissociation of the electrostatic 
linkages established between protein and adsor- 
bent. 

The narrow range of conditions under which 
finite adsorption equilibrium can be established, 
as well as the excessive spreading of bands often 
observed with proteins, has led to an increasing 
use of gradient elution in the chromatography of 
large molecules. This technique provides a means 
of achieving, almost automatically, the required 


range of eluting power without sharp changes in 
the composition of the eluant and also reduces 
the spreading and tailing of bands. 

Over the last 10 years, several kinds of adsor- 
bents (1-3) have been used with more or less 
success for the chromatography of proteins. How- 
ever, this review will be restricted to the cellulose 
ion exchangers because of their relatively recent 
development and because of our greater famili- 
arity with them through our own experience and 
that of several other investigators who have 
kindly made some of their unpublished material 
available to us. 

A group of cellulose ion exchangers! have been 
developed (4-6) which possess a high capacity 
for the adsorption of proteins, yet release the 
adsorbed material completely under mild condi- 
tions. They are prepared by the attachment of 
acidic or basic groups to cellulose by reaction of 
the appropriate halogen derivative with alkali- 
swollen a-cellulose. The TEAE modification is 
formed from DEAE-cellulose by reaction with 
ethyl bromide. All the ionizing groups except 
that of P-cellulose are attached through ether 
linkages and the stability of these adsorbents 
should be essentially that cf the cellulose matrix. 
In general, they are quite resistant to strong 
alkali, except for a slight swelling of the cation 
exchangers, and are able to stand brief treatment 
with moderately strong mineral acids. The ex- 
changers can be reused many times and some of 
our material has been in use for more than a year. 

The amount of incorporation of ionizing groups 
can be varied up to about 1 mEq/gm, beyond 
which undesirable changes in physical properties, 
ranging from high resistance to flow to complete 
water solubility, may appear. 

The structure of ECTEOLA-cellulose cannot 
be specified because of the many reactions, in- 
cluding polymerization, which are possible. 
TEAE-, SM-, and SE-cellulose, introduced by 





1The groups attached to cellulose have been 
given the following designations (5, 6): DEAE 
(diethylaminoethyl) ; TEAE (triethylaminoethyl) ; 
ECTEOLA (a complex product of epichlorohydrin 
and triethanolamine); CM _ (carboxymethyl); 
P (phosphate) ; SM (sulfomethyl) ; SE (sulfoethyl). 
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Porath (6), differ from their respective counter- 
parts in that they maintain their charge over a 
greater pH range. Many other modifications have 
been made but have not yet been put to test. 

In general, adsorption capacity is greatest at 
low salt concentration. Under conditions of tight 
binding, horse carbon monoxide hemoglobin can 
be adsorbed by an equal weight of the cation- 
exchanger, CM-cellulose (0.7 mEq carboxyl 
groups/gm), and the anion exchanger, DEAE- 
cellulose (1 mEq basic groups/gm), can adsorb 
34 of its own weight of crystalline bovine plasma 
albumin (5). ECTEOLA-cellulose, on the other 
hand, has shown relatively small capacity for the 
adsorption of protein but has proved useful for 
the chromatography of nucleic acids (7-9) and 
nucleoproteins (10-18). 

Elution from these adsorbents can be accom- 
plished with a single eluant at suitable condi- 
tions of pH and salt concentration, but since the 
range of adsorption affinities usually encountered 
with proteins is too great to permit differential 
elution of all with a single eluant, stepwise or 
continuous increase in salt and/or change in pH 
are most frequently used. With certain proteins 
salt-free chromatography has been possible and 
Mitz and Yanari (14, 15) have provided examples 
on DEAE-cellulose, using dissolved carbon 
dioxide as the eluting agent. 

The cellulose ion exchangers may be em- 
ployed in a variety of ways depending on the 
purpose of the experiment. They can be used a) 
in an analytical type of procedure where the ut- 
most in resolution is desired, b) for the small or 
large-scale purification of single components and 
c) for the concentration of proteins from dilute 
solution. 

In our own work with serum proteins (16) the 
major effort has been directed toward the de- 
velopment of a procedure whereby all the protein 
of serum could be distributed into as many 
chromatographically distinct peaks as possible by 
a single passage through a column. It has been 
our view that such a procedure would be of value 
in the study of normal transport mechanisms 
and in other investigations where the nature of 
the protein or proteins in question was unknown, 
as in the examination of pathological serum pro- 
teins for quantitative or qualitative abnormali- 
ties. For such studies chromatography is well 
suited, for in addition to its potential for high 
resolving power, it is readily adapted to operation 
on a scale large enough to provide samples of 
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gradients. Z represents the limit buffer, D the 
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purified material adequate for chemical, physical 
and biological characterization. 

Most of the recognized proteins in serum have 
isoelectric points between pH 4 and 8 (17). Ac- 
cordingly, the anion exchanger, DEAE-cellulose, 
was used and the serum and the adsorbent were 
separately equilibrated with the starting buffer, 
0.005 m sodium phosphate at pH 7.0. Since we 
wished to avoid the artifactitious peaks which 
might arise from a succession of discrete changes 
in the eluting buffer, a smooth gradual decrease 
in pH coupled with an increase in salt concentra- 
tion was indicated. The gradient device employed 
at the beginning of our studies (16) was basically 
a constant-volume mixing chamber and produced 
gradients of convex shape (18). In order to 
achieve the desired spread of protein components 
it was necessary to employ a succession of such 
gradients providing increasing eluting power 
(16). This was accomplished by replacing at ap- 
propriate times the limit buffer remaining in the 
top vessel with buffer of a higher concentration 
and/or a lower pH. 

In later work we replaced this series of gradi- 
ents with a single ~radient continuing throughout 
the chromatogram. This not only served to make 
the chromatographic procedure fully automatic 
but also further reduced the possibility of arti- 
facts. A linear gradient, obtained with two adja- 
cent vessels of identical cross-section, as described 
by Parr (19), resulted in a serum chromatogram 
which was poorly resolved in the central portion. 
It appeared that what was required was a gradi- 
ent rising fairly rapidly for a brief initial period, 
then more slowly for a considerable distance 
across the center of the chromatogram and, 
finally, swinging upward toward the end to 
sharpen the tail. 

Among several tried, the cone-sphere arrange- 
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Fig. 2. Effluent diagram of 

FP HUMAN SERUM on DEAE-SF, (40x 2.5em) normal human serum. Pooled, 

30 iieinnds clarified serum (30 ml,2 gm pro- 








tein) applied to 25gm of DEAE- 
cellulose after adsorbent and 
serum had been separately equi- 
librated with ‘tris’-phosphate® 
at pH 8.6 (0.005 m in phosphate). 
Fractions (10 ml) collected at 
35 ml/hr. Concave gradient 
(3400 ml) to 0.5 m ‘tris’ HePO,,. 
Temp., 5°. L represents lipo- 
protein, S siderophilin, H ab- 
sorption at 405 my and C, 
ceruloplasmin distribution. 
Dashed line shows pH, and 
solid line represents optical 
density at 280 my. Numbers 
above solid line refer to frac- 
tions examined by paper elec- 
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ment (fig. 1) appeared to be most promising and 
many experiments were carried out with its aid, 
among them some investigations of pathological 
sera by clinical members of our Institute (20). 
For our own purposes a further modification, the 
step-cone-sphere (fig. 1), became advisable. This 
provided a more gradual rise in concentration 
during the first half of the chromatogram, fol- 
lowed by a more rapid increase toward the limit 
concentration and it has been used quite suc- 
cessfully. 

However, these gradient devices do not permit 
variation of the shape of the gradient, except by 
changing ‘one or more parts of the apparatus, 
and this inflexibility limits their usefulness. A 
mixing device, which we call a ‘Varigrad’, has 
recently been developed (21). This device makes 
it possible to effect any desired adjustment in the 
gradient and we are now able to spread or com- 
press any portion of the chromatogram at will. 
Furthermore, the total elution volume can be 
varied without changing the shape of the gradi- 
ent or building a new apparatus. Such flexibility 
will not only facilitate the exploratory work, 
which is a necessary part of every investigation 
of a new mixture, but will permit the focusing of 
chromatographic resolving power on any par- 
ticular region of the chromatogram. 

Figure 2 shows a chromatogram of 30 ml of 
normal serum eluted by a gradient which was 
selected to prodvze a relatively uniform distri- 
bution of the protein within the arbitrary limits 
of the buffer volume employed (22, 23). It will 
serve as a normal reference for comparison with 





trophoresis. 


other chromatograms developed with the same 
gradient. 

As in previous experiments (16), a series of 
distinct blue, orange-yellow, red and buff bands 
rapidly formed and moved down the column at 
different rates under the applied gradient. In 
every case the band, during its mobile phase, 
moved at a rate much lower than the linear 
velocity of the eluant, indicating that a multi- 
stage process was operating. The broken line at 
the top of the figure demonstrates the gradual 
and regular decrease in the pH of the effluent. 

Fractions 1-6 proved to be solely y-globulins, 
as evidenced by paper electrophoresis. The 
shaded area, S, at 8 represents siderophilin, the 
iron-binding £,-globulin. Lipoprotein (Z) was 
found in 10 and 11, just in front of the large peak. 
Albumin, by far the major component of this 
peak, was first detected electrophoretically in 11. 

The distribution of 405 my absorbing material 
(H) in the chromatogram reflects the heteroge- 
neity of this region, perhaps in part the result of 
the complexing of albumin with a variety of small 
colored molecules. The large leading peak of this 
group was previously thought to be ‘methemal- 
bumin’, but we now consider it to be a complex 
of hemoglobin with haptoglobin, an a-.-globulin 
found in normal serum. The shaded area at frac- 
tion 20 (C) represents ceruloplasmin, a blue 
copper-containing a»-globulin. A variety of addi- 
tional proteins have been localized in such 
chromatograms (16, 22, 23). 

This chromatogram required 5 days at a flow 
rate of 35 ml/hr. More recent studies (fig. 3) have 
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HUMAN SERUM on DEAE-SF, (40x2.5em,) 
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HUMAN SERUM on DEAE-SF, (40x25cm) 
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Fra. 3. Effect of flow rate on resolution of serum proteins. Conditions same as in fig. 2.; different serum 
Fig. 4. Rechromatography of selected portions of serum chromatograms. Thirty milliliters of serum 
applied initially. Flow rates, 96 ml/hr. Starting conditions and gradient same as in figs. 2 and 3, except 
that volume of gradient was 2250 ml. Shaded portions indicate material selected for chromatography 


in succeeding experiment. 


shown that even with a 6-fold variation in flow 
rate the chromatographic patterns are quite re- 
producible. The only significant differences ap- 
pear in the lipoprotein region, just preceding the 
albumin peak. 

Our current practice, at this scale of operation, 
is to use a flow rate of 96 ml/hr., which allows 
40 hours for the completion of a chromatogram. 
Satisfactory patterns can be obtained in less 
than a day, at 180 ml/hr., and this time can 
probably be further shortened. 

In figure 4 are given the results obtained by 
rechromatography of selected portions of a serum 
chromatogram. In this case, 30 ml of serum was 
eluted with 24 the volume of buffer used in the 
previous chromatograms and the concentration 
of eluted protein was correspondingly increased. 
Except for D, the rechromatographed fractions 
emerged in their original positions. Fraction D, 
consisting almost entirely of albumin, but com- 
prising only a small portion of the albumin of the 
original (top) chromatogram, did show increased 
retardation on rechromatography. This change 
in effluent position may be a consequence of /) 
an adsorption isotherm that is more strongly 
concentration-dependent than that of the other 


components; 2) removal, by the extensive dialy- 
sis involved, of the smaller molecules that may 
have been bound to the albumin originally or 3) 
the absence of a component which served to dis- 
place fraction D in the original chromatogram. 
Other rechromatography experiments (16) in 
which the whole albumin peak was used resulted 
in the appearance of the peak at the original 
effluent position. 

In figure 5 is shown a chromatogram obtained 
from the serum of a patient with choriocarcinoma 
(unpublished results obtained in collaboration 
with Drs. R. A. Reisfeld and R. Hertz). Relative 
to the normal picture (fig. 2) there has been 
a large increase in the proteins which appear in 
the later portion of the elution diagram, includ- 
ing those of high carbohydrate content. Whereas 
the other peaks emerged in their customary 
places, the albumin front (and consequently the 
hemoglobin-haptoglobin complex) was signifi- 
cantly displaced to the right and the total albu- 
min peak was smaller than normal. 

This serum possessed an extremely high level 
of choriogonadotropic hormone (CGH), about 
100,000 times the normal level, and the distribu- 
tion of this activity in the chromatogram, as 
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determined in a preliminary way by qualitative 
assay at four levels, is represented by idealized 
peaks in the center of the slide. Nearly all the 
hormone was found in the region which charac- 
teristically contains only 6-globulins. In addition, 
two minor peaks were found at widely separated 
points. 

Another example of the chromatographic isola- 
tion of a biological activity from serum was ob- 
tained with the step-cone-sphere gradient from 
serum from an otherwise normal individual who 
had shown an extraordinarily high titre of anti- 
blood-group-M activity. This activity, which has 
been reported to be associated with an a-globulin 
(24), did not appear until the end of the chroma- 
togram (comparable to the area encompassed by 
fractions 19 and 20 of fig. 2), in the region of 
the carbohydrate-rich protein. 

On the whole, with serum proteins there is a 
trend toward higher electrophoretic mobilities in 
successive fractions, as one would expect if ion 
exchange were playing a dominant role. The pro- 
teins with high isoelectric points lose their nega- 
tive character earlier than those with lower ones 
as the eluting solution becomes more acid. How- 
ever, the fractions emerging after the major 
albumin peak are complex electrophoretically 
and some include proteins representing every 
electrophoretic category (16). These exceptions 
may result from a difference in the relative order 
of decreasing electrostatic charge on the proteins 
within the buffer-column milieu, as compared 
with that obtaining in the pH 8.6 veronal buffer 





Fic. 5. Effluent diagram of 
serum from a patient with 
choriocarcinoma. Vertical shad- 
ing at bottom is a plot of the 
ratio of carbohydrate to ab- 
sorption at 280 my as a measure 
of carbohydrate content per 
unit of protein. CGH repre- 
sents choriogonadotrophic hor- 
mone activity. Conditions 
otherwise as in fig. 2. 
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used for electrophoretic characterization, or they 
may be caused by the formation of protein com- 
plexes which are stable under the conditions em- 
ployed for chromatography, but unstable at pH 
8.6 in veronal. A third possibility is, of course, 
the existence of specific affinities of a nonelectro- 
static nature between the adsorbent and the 
protein. A fourth explanation may be advanced 
on the basis of differences in molecular size among 
proteins having similar electrophoretic mobilities. 
A molecule having the same net surface charge 
density as another, but exceeding it significantly 
in size, would be expected to move more slowly 
down the column since it would be capable of 
forming more bonds with the adsorbent. Some 
support for this last explanation has recently been 
given by the work of Lospalluto and Ziff (25) who 
have shown, in conjunction with Kunkel and co- 
workers, that a protein, appearing at the end of 
a DEAE-chromatogram and responsible for the 
capacity of the serum of rheumatoid arthritic 
patients to agglutinate sensitized red blood cells, 
is apparently a 19 S y-globulin. 
Radioiodinated albumin has achieved wide- 
spread use in clinical studies concerned with the 
metabolism of albumin and for this vurpose it 
must be assumed that the metabolic behavior of 
the labeled material resembles that of the natural 
protein. To determine chromatographic differ- 
ences, if any, a minute sample of a commercial 
iodinated preparation, which was electropho- 
retically pure albumin, was added by Drs. Fahey 
and Steinfeld to normal serum and the mixture 
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Fig. 6. Elution diagram of bovine pancreatic 
juice on DEAE-cellulose. Lyophilized juice con- 
taining 335 mg of protein on 1.8 x 70 cm DEAE-SF 
column. Starting buffer, 0.005 m K-phosphate, pH 
8.0. Linear gradient to 0.4 m K-phosphate, pH 
8.0, represented by dashed line. Temp., 4°. Peak 
identification in text. From Keller et al. (27). 


was chromatographed on DEAE-SF. The 
results obtained showed a marked retardation of 
the radioactive label, although albumin, as de- 
termined by paper electrophoresis, appeared in 
its normal position (20, 26). It is unlikely that 
the presence of iodine per se in the albumin mole- 
cule is responsible for the striking difference be- 
tween the chromatographic behavior of the radio- 
active material and that of the bulk of the 
albumin. Other factors such as the oxidative 
conditions prevailing during iodination, the pas- 
teurization of the original albumin and the effects 
of self-irradiation may be involved. 

Other concentration gradients can, of course, 
be used to advantage. A linear concentration 
gradient was employed very recently by Keller, 
Cohen and Neurath? (27) to examine proteins of 
lyophilized bovine pancreatic juice (fig. 6), to 
which diisopropylfluorophosphate and soybean 
trypsin inhibitor had been added to prevent pro- 
teolysis. The ‘break through’ peak emerging un- 
retarded was found by rechromatography on the 
cation exchanger XE-64 to contain trypsinogen, 
chymotrypsinogen-a, ribonuclease-A and _ the 
soybean trypsin inhibitor. After the appearance 
of the ‘break through’ peak on the anion ex- 
changer a linear gradient to 0.4 m buffer brought 
out eight anionic components. Six of the eight 
anionic protein components were identified as 
follows: component a) carboxypeptidase-B, b) 
chymotrypsinogen-B, c) procarboxypeptidase-B, 
d) desoxyribonuclease. Peaks 5 and 6 eluded en- 
zymatic characterization, but 7 and 8 both 


2We are grateful to these investigators for 
making their results available to us before publica- 
tion. 
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Fic. 7. Elution diagram of normal and ab- 
normal hemoglobins. Adsorbent was CM-cellulose, 
50 x 0.9 cm. Load of 100-150 mg hemoglobin. Frac- 
tions (2-3 ml) collected at a rate of 4-6 ml/hr. 
Starting buffer, 0.01 m Na-phosphate, pH 6.8. Con- 
vex gradient to 0.01 m Na-phosphate, pH 8.0, be- 
gan after sample was washed in. Temp., below 1°. 
From Huisman e? al. (28). 


showed procarboxypeptidase-A properties. In 
these experiments, approximately 90% of the 
protein of bovine pancreatic juice could be re- 
covered as discrete components and about 76% 
of the protein could be related to known pan- 
creatic proteins. 

Huisman, Martis and Dozy? (28) have pro- 
vided, with carbon monoxide hemoglobin, some 
elegant examples of the resolving power of the 
cation-exchanger, CM-cellulose. They used a 
convex gradient, increasing the pH from 6 to 8, 
at a constant 0.01 m sodium phosphate. Some of 
their results are shown in figure 7. Segment /, at 
the upper left, provides the normal hemoglobin 
pattern. (Heterogeneity of normal hemoglobin 
has been observed in several laboratories (29- 
32)). Section 2 presents the hemoglobin from a 
case of thalassemia minor which showed a small 
increase in the Ag» fraction. In thalassemia 
major, however, no. 3, a large amount of fetal 
hemoglobin, F, was present. Cases of heterozy- 
gous hemoglobin-E, and thalassemia hemoglobin- 
E disease, nos. 4 and 4, respectively, can clearly 
be differentiated by the presence of component 
F in the latter. Finally, in 6, is presented a hemo- 
globin sample with a very high level of hemo- 
globin-E. As a result of an extensive study, these 
authors concluded that while the procedure was 
not yet suited for routine analysis, it ‘offered 
not only new possibilities for the characterization 
and quantitative estimation of different hemo- 
globin types; it also proved to be valuable for 
the preparation of pure hemoglobin in a larger 
scale’’. 
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Fic. 8. Separation of egg-white proteins. 
Dialyzed egg-white (30 ml) on a 2.2 x 14.0 em col- 
umn of CM-cellulose. Fractions (15 ml) collected 
at a rate of 2.5 ml/min. Eluting buffer was 0.1 m 
NH,-acetate with stepwise changes in pH as 
indicated by the arrows. In addition, 0.025 m 
Na2CO; was added at tube 310 and 0.2 m NasCO; at 
tvbe 359. Room temperature. Peaks identified in 
text. From Rhodes et al. (33). 


The use of the chromatographic technique for 
the fractionation of proteins is, of course, not 
limited to the gradient elution procedure. It is 
possible to achieve, by stepwise elution, a rapid 
preliminary enrichment or separation from un- 
desired factors in a relatively short time. How- 
ever, resolution of the components can be ex- 
pected to be less than that achievable by gradient 
elution, since stepwise elution is likely to be 
predominantly a single stage process, rather than 
the multistage process which is characteristic of 
what might be called ‘true chromatography’ and 
is responsible for the high resolving power 
achieved in many chromatographic systems. 
Moreover, interpretation of the chromatograms 
produced by stepwise elution is hazardous, since 
artifactitious peaks may result from every change 
in eluant. Nevertheless, the virtues of speed and 
increased capacity often make this the procedure 
of choice where components of low concentration 
or low stability are the only ones of interest. 

Rhodes, Azari and Feeney? (33) have recently 
provided examples of the use of stepwise elution 
in the preparation of several biochemically 
unique egg white proteins (fig. 8). Operating at 
room temperature, they used relatively short 
columns of CM-cellulose with flow rates of 150 
ml/hr. Peak A was a mixture of ovomucoid and 
flavoprotein. B was ovomucoid, C, ovalbumin A, 
D, ovalbumin A», F, ovalbumin As, peaks G and 
H were conalbumin, L, avidin and peak N, 
lysozyme. Peaks F, J, J, K and M were labeled 
as unidentified ‘globulins’. Except for avidin, 
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Fic. 9. Rapid stepwise «separation of comple- 
ment components in guinea pig serum. Nineteen 
milliliters of treated serum (see text) applied to 
10 gm DEAE-eellulose. Adsorbent and serum 
separately equilibrated with 0.02 m Na-phosphate, 
pH 6.6. Collected 7-8-ml fractions at rate of 90 
ml/min. Temp., 5°. 


about 90% recovery of the proteins was achieved. 
Rechromatography of the first peak on CM- 
cellulose, at a lower pH of 3.7, resulted in com- 
plete resolution of ovomucoid from the flavo- 
protein. In this case, riboflavin was dissociated 
from its protein moiety and was not adsorbed 
(33). 

Occasionally, where components of the mix- 
ture are sufficiently different, the desired separa- 
tion can be accomplished in a single, step-elution 
procedure. An example of such a fortunate situa- 
tion is taken from the work of Boman and 
Westlund (34). Fifty milligrams of a crude horse- 
radish extract were put on a column of TEAE- 
cellulose! in equilibrium with 0.02 m ‘tris’--HCF 
buffer at pH 7.3. As soon as the sample entered 
the column, 0.25 m buffer of the same pH was 
introduced. The first peak, peroxidase, was not 
adsorbed, but a 7-fold purification was achieved. 
Two peaks of acid phosphatase were obtained 
with 30- and 12-fold purifications, respectively. 
Separation of the two phosphatases was found 
to be concentration-dependent, with better 
separation at higher load, a result which might 
be explained by assuming convex isotherms, 
diverging at higher concentrations. 

The speed with which stepwise elution can be 
performed makes it particularly useful for the 
purification of unstable components. A prelimi- 
nary example is shown in figure 9 (unpublished 

3 ‘Tris’ stands for tris(hydroxymethyl)amino- 
methane. 
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STEPWISE ELUTION 
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Fig. 10. Rapid group separation of plasma pro- 
teins by stepwise elution. Clarified plasma (30 
ml) applied to 13 gm DEAE-cellulose after ad- 
sorbent and plasma had been separately equili- 
brated with 0.0175 m Na-phosphate, pH 6.3. Frac- 
tions (15 ml) collected at 170 ml/hr. Temp., 5°. 
Buffer changes made at arrows. Fractions between 
dashed vertical lines were combined and examined 
by paper electrophoresis. 


results obtained in collaboration with Dr. E. 
Becker of Walter Reed Army Institute of Re- 
search). The material chromatographed was 
guinea pig serum which had been given a prelimi- 
nary dialysis at pH 5 to destroy the C’l compo- 
nent of complement, a procedure which had been 
found to increase the stability of the other com- 
ponents. The employment of a series of stepwise 
changes in NaCl concentration, with constant 
pH and molarity of phosphate, resuited in the 
separation shown—in less than 4 hours. The two 
diagonally-shaded peaks suggest that C’2 exists 
in two forms, perhaps the inactive and the acti- 
vated. C’3 (the dark area in the center) is poorly 
resolved from the second peak of C’2, but other- 
wise a rather useful separation of the three ac- 
tivities has been achieved and can probably be 
improved by further experimentation. 

Stepwise elution procedures may also be ap- 
plied to serum or plasma where segregation of the 
complex mixture of proteins into groups of more 
or less similar properties is desired. A rapid, step- 
wise procedure is particularly useful for the 
preliminary separation of y-globulin, for when 
serum or plasma is applied at a suitable pH and 
salt concentration, nearly all of the protein 
within this electrophoretic mobility range passes 
through a DEAE-cellulose column, whereas the 
other proteins are tightly bound. Gamma-globu- 
lin prepared in this manner has been shown, in 
some 10-15 instances tested in collaboration 
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with Dr. H. Levy, to contain all the antibody 
within the limits of the biological assay methods. 
Only about 90% of the total y-globulin is re- 
covered in this manner. It has already been 
mentioned that anti-m activity (an a-globulin) 
and some y-globulins, such as the rheumatoid 
arthritic factor, are tightly bound under these 
conditions. These, as well as the remaining pro- 
teins, can be sharply eluted with 2 m NaCl— 
0.4 m sodium phosphate at pH 5.0. 

In figure 10 is shown a chromatogram of human 
plasma divided in a few hours into 4 groups of 
proteins by stepwise elution. The first fraction, 
A, consisting entirely of y-globulin by electro- 
phoretic criteria, contained over 90% of the total 
y-globulin in the sample. 70-80% of the total 
6-globulin appeared in B, 90% of the total 
albumin in C and about 70% of the a-globulins 
appear in D.Siderophilin emerged in B and cerulo- 
plasmin and the faster-than-albumin component 
in D. 

This type of group separation can be used to 
advantage in that enriched fractions can be 
rapidly obtained for rechromatography under 
conditions affording higher resolution. Such a 
procedure was employed for the separation of the 
y-globulins from a specially prepared pool of 
hvperimmune sera in which each antibody type 
was developed to a single, verified challenge. 

The serum, dialyzed against 0.015 m sodium 
phosphate at pH 6.6, was applied to a short 
column of DEAE-SF and washed through with 
the same buffer. The effluent protein solution 
was then applied directly to a column of CM-W, 
a cellulose cation exchanger, to obtain the 
chromatogram shown in figure 11 (unpublished 
experiment in collaboration with Dr. C. Martin). 
The double peak at the left emerged with the 
starting buffer; the saw-toothed peaks at the 
right resulted from the use of a single gradient 
of increasing pH and molarity in phosphate, be- 
ginning at the point marked by the small arrow. 
All were y-globulins, with mobilities decreasing 
successively from left to right. 

Fractionation of antibody activity is shown in 
the upper portion of the figure. While incomplete, 
it is encouraging. Since the antibody response 
was to the whole pathogen and therefore to many 
antigens, it is not surprising to find that chroma- 
tographically and electrophoretically distinct 
components have similar biological activity. 

A fifth antibody activity, that specific for 
typhoid H, was found to be present almost en- 
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POOLED HYPERIMMUNE GAMMA GLOBULIN 
CM-W (45x25) Fig. 11. Subfractionation of 
hyperimmune y-globulin. y- 
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started at arrow. Five-milliliter 
fractions collected at 23 ml/hr. 
Fractions between dashed verti- 
cal lines examined for antibody 
activity. Black areas represent 
antibody activity as % of total 
activity. 











tirely in the small amount of protein which pre- 
cipitated during the initial dialysis. 

Recently, Humphrey and Porter (35) have 
used DEAE-cellulose for the isolation of the 
reagins—the skin-sensitizing antibodies—directly 
from the serum of allergic individuals. Three- 
milliliter portions of dialyzed serum in 0.01 m 
sodium phosphate, pH 7.5, were chromato- 
graphed on 3-gm columns, using stepwise elution. 
The first four peaks were found to be all y-globu- 
lin, but with sera from six people allergic to a 
variety of substances, reagin activity was always 
highest in peak III and in most cases was almost 
confined to that fraction. 

Increased purification by the sequential use 
of the anion and cation exchanger is shown by 
the work of Drs. P. G. Condliffe and R. W. 
Bates? (unpublished) on the purification of the 
thyroid-stimulating hormone, TSH. A gradient 
from 0.005 m to 0.1 m sodium glycinate at 
constant pH (9.5) eluted 80% of the TSH 
activity (potency, 5-6 units/mg) from a 10—12- 
gm column of DEAE-cellulose, which had been 
charged with 6.8 gm of a crude TSH preparation 
(potency, 1 unit/mg). Rechromatography of the 
active fraction on CM-cellulose, applied in 
0.01 m sodium phosphate, pH 6.0, then developed 
with a gradient to 0.8 m NaCl, resulted in the 
recovery of 70-80% of the added TSH activity 
at a potency of 20 units/mg. 

The anion exchangers have also proved useful 
with nucleoproteins. Mihalyi, Bradley and 
Knoller in their studies of the ribonucleic acid 
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contaminant of rabbit muscle myosin (36) have 
used chromatography on ECTEOLA-cellulose! 
to separate the loosely bound nucleic acid- 
protein complex. A starting protein/RNA ratio 
of 1.3 was reduced to 0.11 and has been reduced 
further to 0.02 in some experiments, a 50-60-fold 
reduction i: protein. 

ECTEOLA-cellulose has been used _ by 
Commoner et al. (10) and Cochran e¢ al. (11) for 
the chromatography of natural tobacco mosaic 
virus and reconstituted virus nucleoprotein and 
by Creaser and Taussig (12) for the purification 
of bacteriophages. Very recently Hoyer et al. 
(37, 38) and Ormsbee and Hoyer (39) have used 
both DEAE- and ECTEOLA-cellulose in ex- 
ploratory chromatographic studies on the purifi- 
cation of several representative animal viruses 
and rickettsiae grown in the presence of radio- 
active phosphorus. Coxsackie A-9 virus was 
eluted by 0.02 m phosphate buffer and separated 
from nonviral radioactivity. However, an ECHO 
13 virus required 0.1 m NaCl and Colorado tick 
fever required 0.5 m NaCl for elution. Their 
results and those of Taussig and Creaser indicate 
that the chromatographic behavior of the viruses 
was determined by the nature of the protein 
moiety. 

These studies, in which very high yields of 
purified infectious agents were obtained, lead one 
to anticipate the application of similar procedures 
for the removal of unwanted host materials from 
vaccines which are derived from material grown 
in the presence of animal tissue. 
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Successful applications of cellulose ion ex- 
changers have been reported with materials 
ranging from fibrino-peptides (40) having molecu- 
lar weights of about 2000 to molecules as large 
as tobacco mosaic virus. A wide variety of sub- 
stances has been examined, including the oligo- 
peptide hormones, enzymes of many types, ma- 
terials possessing immunochemical activity, 
nucleoproteins and proteins derived from animal, 
plant and microbiological sources?. 

The adsorbents have been used in various ways 
to concentrate, purify and separate. They can be 
employed as preparative tools or in an analytical 
manner to resolve and estimate the components 
of a mixture. 

In general, the binding forces seem to be pri- 
marily of an electrostatic nature, although other 
factors appear to be involved. The magnitude of 
these forces, moreover, is such as to permit 
operation within reasonable conditions of pH and 
salt concentration. Recovery of added material 
has, in general, been quite good. In some of the 
eases where loss of activity has occurred separa- 
tion from a co-factor may have been responsible. 
It may be necessary, in other cases, to include 
protective agents, such as sulfhydryl compounds, 
EDTA, etc. in the solvents and eluting buffers. 

The separation of components of complex mix- 
tures has always been a basic problem in bio- 
chemistry, a problem particularly difficult where 
macromolecules of biological origin are to be 
studied. In part, this is a result of the almost 
infinite variety of molecular species made possible 
by the complexity of such molecules, for even 
though only a small fraction of the theoretically 
possible number can be expected to appear in a 
given mixture, this fraction will probably include 
many close neighbors in that spectrum of possible 
species. Therefore, when any single criterion is 
applied to achieve separation, groups of molecules 
will be segregated which include some differing 
slightly or not at all with respect to the applied 
criterion, but perhaps widely different by another. 
It is evident, therefore, that a number of distinct 
separation principles, based upon different prop- 
erties of the molecules in question such as solu- 
bility, size, charge, etc. must be applied succes- 
sively to achieve ultimate resolution, if that ever 
is to be achieved. Chromatography, while ap- 
parently providing a high degree of resolution as 
well as large capacity under mild conditions, is 
still just another technique. What has been 
achieved leaves something to be desired, but it 
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has provided us with a tool, already useful, 
which we can expect to grow in power and pre- 
cision, although it will be some time before its 
full potential can be realized. 


REFERENCES 


1. Zirrue, C. A. Advances in Enzymol. 14: 319, 
1953. 

2. Moors, 8S. anp W. H. Sinin. Advances in 
Protein Chem. 11: 191, 1956. 

3. Soper, H. A. anp E. A. Puererson. In: Jon 
Exchangers in Organic and Biochemistry, 
edited by C. Catmon anp T. R. E. Kress- 
MAN. New York: Interscience, 1957, p. 318. 

4. Soper, H. A. anp E. A. Pererson. J. Am. 
Chem. Soc. 76: 1711, 1954. 

5. Perperson, E. A. anp H. A. Soper. J. Am. 
Chem. Soc. 78: 751, 1956. 

6. Poratu, J. Arkiv Kemi 11: 97, 1957. 

7. Benpicu, A., H. B. Panu, G. C. Korneo.p, 
H. 8. RosENKRANZ AND J. R. Fresco. J. Am. 
Chem. Soc. 80: 3949, 1958. 

8. Brapiey, D. F. anp A. Ricu. J. Am. Chem. 
Soc. 78: 5898, 1956. 

9. ASTRACHAN, L. anp E. VouKin. J. Am. Chem. 
Soc. 79: 130, 1957. 

10. Commoner, B., J. A. Lippincorr, G. B. 
SHEARER, E. E. RicuMan anv J.-H. Wu. 
Nature 178: 767, 1956. 

11. Cocuran, G. W., J. L. CutpestTer anv D. L. 
Stocks. Nature 180: 1281, 1957. 

12. Creaser, E. H. ann A. Taussia. Virology 4: 
200, 1957. 

13. Hoyrr, B. H., E. T. Bouton, R. A. ORMSBEE, 
G. LeBovuvisr, D. B. Ritrer anp C. L. Lar- 
son. Science 127: 859, 1958. 

14. Mirz, M. A. ano S. Yanari. J. Am. Chem. 
Soc. 78: 2649, 1956. 

15. Mirz, M. A. Abstracts, 130th Meeting Amer. 
Chem. Soc. April, 1957, p66C. 

16. Soper, H. A., F. J. Gurrer, M. M. Wyckxorr 
AND E. A. Peterson. J. Am. Chem. Soc. 78: 
756, 1956. 

17. Huaues, W. L. In: The Proteins IT, edited by 
H. Neuratu anv K. Barttey. New York: 
Acad. Press, 1953, p. 741. 

18. Cuerkin, A., F. E. Martinez anp M. S. 
Dunn. J. Am. Chem. Soc. 75: 1244, 1953. 

19. Parr, C. W. Proc. Biochem. Soc., 324th Meet- 
ing 56: xxvii, 1954. 

20. Fanny, J. L., P. F. McCoy anp M. Govtian, 
J. Clin. Invest. 37: 272, 1958. 

21. Pererson, E. A. anp H. A. Soper. Fed. Proc. 
17: 288, 1958. 

22. Soper, H. A. anp E.°A. PrEterson. Vox 
Sanguinis 2: 62, 1957. 

23. Soper, H. A., M. M. Wyckorr anp E. A. 
Pretrerson. Abstracts, 130th Meeting of Amer. 
Chem. Soc. April, 1957, p67C. 

24. Brestau, A. anv P. J. Scumipt. Proc. vith 
Congress of International Society of Blood 
Transfusion edited by L. HoLuanpEr. Basel: 
Carger, 1958, p143. 





1126 


25. LosPpaLLutTo, J. anp M. Zirr. International 
Congress on Rheumatic Disease, Toronto, 
Canada, June 1957. 

26. Faney, J. L. anp J. L. STErnFExp. Proc. Soc. 
Exper. Biol. & Med. 97: 281, 1958. 

27. Kevuer, P. J., E. Conen anp H. NEurRaATH. 
J. Biol. Chem. 233: 344, 1958. 

28. Huisman, T. H. J., E. A. Martis anp A. 
Dozy. J. Lab. & Clin. Med 52: 312, 1958. 

29. Irano, H. A. Ann. Rev. Biochem. 25: 331, 1956. 

30. Morrison, M. ann J. L. Coox. Fed. Proc. 16: 
763, 1957. 

31. KunxKEL, H. G., R. Ceppetini, U. MULLER- 
EBERHARD AND J. Wour. J. Clin. Invest. 36: 
1615, 1957. 

32. GuTrer, F. J.,H. A. Soper anp E. A. PETER- 
son. Arch. Biochem. and Biophys. 62: 427, 1956. 


FEDERATION PROCEEDINGS 


Volume 17 


33. Ruopgs, M.B., P. B. Azart anD R. E. FEENEY, 
J. Biol. Chem. 230: 399, 1958. 

34. Bowman, H. G. anp L. E. WEstTLuND. Arch, 
Biochem. and Biophys. 70: 572, 1957. 

35. HumpHrREY, J. H. anp R. R. Porter. Lancet 
1:(4) 196, 1957. 

36. Mrnatyt, E., D. F. BrapLEy anp M. I. Kno1- 
LER. J. Am. Chem. Soc. 79: 6387, 1957. 

37. Hoyer, B. H., E. T. Botron, R. A. ORMSBEE, 
G. LeBovuvisr, D. B. Ritrer anp C. Larson, 
Science 127: 859, 1958. 

38. Hoyrr, B. H., R. A. OrmsBeEs, E. T. Bouton 

AND D. B. Ritter. Fed. Proc. 17: 517, 1958. 

OrmsBE3s, R. A. anp B. H. Hoyer. Fed. Proc, 

17: 529, 1958. 

40. GuapNER, J. A., J. E. Fouk anp K. Lakt. Fed, 
Proc. 17: 229, 1958. 


39. 


DESIGN AND USE OF A 1000-TUBE COUNTERCURRENT 
DISTRIBUTION APPARATUS 


L. C. Craic anp T. P. Kine 


From the Rockefeller Institute for Medical Research, New York City 


— EXPERIMENT in a chemical laboratory is 
an operation involving very high numbers of 
molecules. Accordingly it was realized long ago 
that interpretations and predictions could be 
made with profit in the light of probability and 
the mathematics of statistical evaluation. This, 
however, is too often forgotten, particularly in 
purification procedures. 

For example, a simple extraction can be con- 
sidered a direct experiment in probability. A 
partition ratio K, expressed as C;/C., is an ex- 
pression of the probability that the billions of 
molecules in a test sample will preponderate in 
one or the other of the two phases after complete 
equilibration. For practical purposes the ratio is 
a constant at a given concentration level because 
of the very large numbers of molecules involved. 
Unfortunately this probability may be shifted 
more or less as the population density is changed. 

In spite of the latter complication, to be treated 
later, slight differences in the probability can be 
exploited better for separation purposes if 
repetitive extractions are made in such a manner 
that the mathematics of probability can be ap- 
plied to their fullest extent. Countercurrent dis- 
tribution is a separation process based on this 


reasoning. 
Thus if extractions are made as required by 
this process the migration of fractional parts 


through the train can be directly expressed by a 
simple binomial, equation 1, based on the parti- 
tion ratio and n, the number of transfers. 


a \s 
(i "Bs a ve a) 


This equation leads to equation 2 for calculation 


of a given term. 
n! 1 Tee 
nie (44) . a 


When n reaches the order of 20 or larger Stirling’s 
approximation permits equation 3 to be derived. 
It is nothing more than the well-known normal 
curve of error written with simple expressions 


l 
2nK/(K + 1)? 


: My: _ 


y= e7 (2? /2nK i (K+1)?) (3) 
involving the partition ratio instead of the 
familiar p and gq terms. The letter x gives on the 
abscissa the number of tube or equilibrium unit 
to the right (+2) or left (—x) of the tube of 
maximum concentration (x). The letter y is the 
ordinate expressing concentration, or a measure 
of amount, in some way. 

Thus a countercurrent distribution curve is a 
precisely calculable probability curve (for details 
see ref. 1) and a purity study with this method, 
such as that of figure 1, is really based on a direct 
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application of the mathematics of probability. 
This curve is taken from the work of Pierce, 
Gordon and du Vigneaud (2) on the pituitary 
hormone oxytocin. At 1000 stages this result gave 
the strongest proof obtainable that the extensive 
and beautiful structural study carried out in the 
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Fic. 2. Photograph of a 1000-tube automatic countercurrent distribution train. 


Cornell Laboratory was concerned with only one 
hormone. This conclusion has held in spite of the 
fact that oxytocin has been found to have more 
than a single biological role. 

Runs involving thousands of transfers have 
been found useful, if not crucial, by now in more 
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Fig. 5. Distribution patterns of human serum 
albumins in an ammonium sulfate system. 


years. Certain features in the design and use 
of this apparatus, together with results, will be 
discussed here. 

The apparatus was designed primarily from 
the standpoint of minimizing the labor and time 
of making a run without sacrifice of precision or 
versatility. Scarcely less important were con- 
siderations of the space required and the support- 
ing equipment needed for analysis and recovery 
of the solutes. 

In the design finally constructed and shown 
in figure 2, the tubes are mounted in 4 parallel 
rows on a single aluminum supporting frame. Two 
hundred fifty tubes are therefore in each row. The 
train is enclosed in a glass hood of showcase con- 
struction, 13 feet long and 3 feet wide. The 
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driving mechanism and fraction collector are 
beneath the train. 

The individual tubes are similar to the design 
previously described (4) and now widely used. 
However, the prospect of attaching 1000 caps 
individually and removing them each time a run 
is to be made seemed a formidable task. There- 
fore, a -ompromise on this point was tried. An 
opening was put on only every other tube, except 
the first 20 tubes. Each of the first 20 carried 
the usual opening to facilitate loading of the 
sample. This arrangement reduced by nearly half 
the number of joints to be put on and taken off 
but left the contents of half the tubes not directly 
accessible. The solutions in the inaccessible tubes 
all could be moved one tube forward into the 
tubes with openings by tipping the train 90° be- 
yond the decantation position so that the entire 
content of each closed tube would flow into the 
decantation tube. From here it could then be 
brought to a tube with an opening by tipping the 
train forward. 

Ideally, if a fixed amount of solute is to be 
fractionated, the lengthening of a train should 
permit the volume of each tube to be reduced. 
Otherwise the volume of solvent required for 
each run would become too large. In the ap- 
paratus shown in figure 2 the lower phase volume 
is fixed at 2 ml. That of the upper is variable, but 
not more than 4 ml. A total of 2 liters of lower 
phase is required for a run. Since there are 1000 
tubes in the series the sample can be scattered 
initially in a high number of tubes, up to 50 
or even 100 if necessary. This gives the desired 
capacity even though the tubes are small. Thus, 
a 5-gm sample in 50 tubes would give an initial 
charging level of 100 mg in a tube. 

When the sample is scattered in a wide band 
initially the concentration drops relatively less 
as the distribution process develops. Although in 
the end a band somewhat wider than the theo- 
retical may be found, other advantages offset 
this. Few systems are completely ideal and it is 
clearly desirable to operate within as narrow 
limits of concentration range as possible. This is 
particularly important for nonideal distributions. 

A smaller equilibration tube is also a shorter 
tube in which less time is required for the flow of 
the liquids, particularly during separation of the 
phases. This is an advantage which has permitted 
approximately double the number of transfers to 
be applied as compared to a standard 10-ml 
tube. A system which separates readily has per- 
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mitted 1500 transfers to be applied in a 24-hour 
period of operation. 

In the four rows of cells the transfer tubes of 
each cell of the first row deliver to the right, those 
of the second to the left, those of the third to the 
tight and those of the fourth to the left again. 
The effluent from the final cell can be diverted 
easily into the first cell for the recycling pro- 
cedure, thus utilizing the full 1000 tubes. With 
this length of train it would be entirely practical 
to apply up to 20,000 transfers to a mixture of 
two of three closely related components which 
could not be separated otherwise. 

When separations do not require so long a 
train it can be divided conveniently into 2 parts 
and 2 independent runs made simultaneously, 
each with 500 tubes. Two filling devices are pro- 
vided for this eventuality, one at each end. Ob- 
viously such an arrangement is convenient for 
precise comparison of 2 samples. It would be 
further possible to attach 2 more filling devices 
and permit 4 simultaneous runs to be made in 
250-tube trains if that were needed. 

The fraction collector is of the standard type 
but is mounted on castors so that it can be moved 
along the floor in front of the train. Effluent can 
be withdrawn from any point in the train or 
usually from the ends. The robot is a modifica- 
tion of the original design (4) built in our own 
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instrument shop under the direction of Mr. Nils 
Jernberg. 

A longer train does not mean that the analyt- 
ical work is increased in the same proportion. 
Approximately 7 points are adequate to describe 
a single band regardless of its width. The increase 
of analytical work is more directly a function of 
the number of bands appearing, but a long train 
does require a certain increase in analysis for 
scanning. In the withdrawal procedure it has 
proved routinely advantageous to combine 10 
effluent fractions in a single collector tube. 

One way of estimating the ultimate separating 
power of the apparatus is by means of charts of 
calculated curves. At 4000 transfers a mixture of 
28 compounds with the proper distribution of 
partition ratios would give the family of curves 
shown in figure 3, provided the system behaved 
ideally. All 28 compounds would be separated in 
high purity. We have not tried to find such a 
mixture and it would be difficult to make an arti- 
ficial one. However, numerous runs of approxi- 
mately this length have given experimental 
curves with different K values which have given 
a satisfactory fit with the calculated curve. For 
some reason not entirely explained, very low K 
values in the range of .01 seemed to give an ex- 
cellent fit, or even too narrow a band. The very 
high K values were less satisfactory, were often 
displaced toward the position of lower bands 
and were somewhat too broad. This, in part, could 
be caused by error due to incomplete drainage of 
a tube. 

In considering the question of the closeness of 
agreement between the calculated and the ex- 
perimental to be expected, several censiderations 
should be brought into better focus in the light 
of high numbers of transfers. For near perfect 
agreement higher numbers of transfers require 
a closer adherence to ideality as regards the par- 
tition isotherm and approach to equilibrium at 
each stage. Usually, but not always, deviations 
will produce an experimental band wider than 
the calculated and unsymmetrical. With larger 
solutes we have often noted bands too narrow 
as well as too wide. In figure 4 is shown a distri- 
bution of human serum albumin at 326 trans- 
fers which is strikingly narrow yet nearly sym- 
metrical. This perfectly reproducible self-sharpen- 
ing effect was first encountered by Dr. Hausmann 
(5) and was traceable to the binding effect of 
the serum albumin for the trichloroacetic acid 
in the system. The TCA was the complexing 
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agent in a system made from 2-butanol, ethanol, 
acetic acid and water. A smaller initial load gave 
a curve more nearly the width of the theoretical, 
but a larger load gave an even more narrow band. 

Less striking effects than this could become im- 
portant in distributions involving very high 
numbers of transfers. It is also conceivable and 
quite probable that a critical stage of disequilib- 
rium could have a very similar effect. In fact, if 
a solute requires an unusually long equilibration 
time to reach equilibrium this may be also a re- 
flection of its tendency to deviate from ideality. 
The adjustment of the various states of associa- 
tion to the changes in concentration brought 
about by the extraction are not necessarily in- 
stantaneous. Indeed, there are ample data in the 
literature to show that certain protein molecules 
require appreciable time to adjust their shape 
and perhaps state of aggregation when their 
solvent environment is changed. 

Gross effects of this type can be detected by 
the determination of individual partition ratios, 
but the more subtle ones cannot. Yet they could, 
and almost certainly do, have a very striking in- 
fluence when. thousands of transfers are applied. 

It should be obvious from the foregoing state- 
ments that a better understanding of the devia- 
tion from ideality of protein molecules is in- 
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timately concerned with the phenomenon of 
protein denaturation. In fact, the stability of in- 
dividually determined partition ratios in prolonged 
equilibrium times is a very good way of detecting 
denaturation in that particular environment, 
Extensive discussion of this subject is beyond 
the scope of the present paper. However, it should 
be said that irreversible denaturation is easily 
recognized. Some degrees of reversible denatura 
tion are also easily recognized, but less marked 
changes may be confused with the partial separa: 
tion of c'’erent but very similar solutes. 
Our experience with serum albumin in mor 
than one system serves to illustrate this point. 
We have found that a system containing ethanol 
propanol, water, ammonium sulfate and a little 
caprylate as a stabilizer is a good system for the 
serum albumins. Red Cross human serum a 
bumin in this system gave the upper pattern i 
figure 5 at 570 transfers. Protein with the origi 
solubility, optical activity and electrophoreti¢ 
mobility in zone electrophoresis at pH 8.5 wai 
recovered from each of the first 2 bands. The 
third was the acetyl tryptophan present as 
stabilizer. However, on redistributing the m 
terial from each of the first 2 bands each agai 
distributed as a discrete band with the parti 
tion ratio shown in figure 5. Complete amin 
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acid analysis of protein from each band has not 
shown significant differences. 

A sample of well-characterized crystalline 
human serum albumin, prepared by Dr. H. E. 
Schultze and obtained from Dr. Henry Kunkel, 
gave the intermediate pattern of figure 5 at 700 
transfers. Apparently this corresponds to the 
larger band from the Red Cross material. A 
sample of crystalline human mercaptalbumin, 
obtained from Dr. J. L. Oncley, gave the lower 
pattern at 700 transfers. The major peak here 
agrees with the band of lower K from the Red 
Cross material. 

Comparison of the width of each band with 
the calculated, and partition ratio determination 
across the band, would ordinarily indicate each 
to be a mixture of closely related species. On the 
other hand, some subtle type of denaturation 
cannot be ruled out. In the case of crystalline 
bovine plasma albumin, which is the mercaptal- 
bumin, the spreading of the band can be markedly 
reduced by conversion to the p-mercuribenzoate 
derivative. 

A salt system of the type used for the serum 
albumins also proved useful for ribonuclease and 
lysozyme. Here the stabilizing action of the 
caprylate was not needed. Figure 6 shows a result 
with a crystalline sample of Armour material. A 
preliminary run of 196 transfers gave 2 small 
components and a main one broader than the 
calculated band. Here the divergence could be 
ascribed to heterogeneity since, on redistribution 
of a central cut, better agreement with the calcu- 
lated at 3550 transfers was reached and the con- 
clusions could be supported by the ion exchange 
chromatographic method of Hirs, Moore and 
Stein (6), as shown in the series of patterns on the 
right in figure 6. From a combination of the 2 
techniques the main component (about 70%) 
and 6 minor ones could be revealed. 

Lysozyme behaved similarly as the result of 
figure 7 shows. Although lysozyme and ribo- 
nuclease can be induced to distribute almost 
ideally, it should be remembered that they are 
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system (fig. 8, upper pattern) which was thought 
at first to be due to a deviation from ideality, 
perhaps arising from too short an equilibration 
time. The run was repeated with slower shaking 
and a longer equilibration time. The result given 
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in the lower pattern did indicate that complete 
equilibrium had not been reached in the first run 
but further indicated more than one major com- 
ponent to be present. The chemical differences in 
the 2 components has not yet been unequivocally 
established. 

In some respects a research program which 
strives ever to improve methods for the prepara- 
tion of pure samples for biological study is like 
searching for the rainbow—it can be a trail 
without an «1. The start is easy and promising, 
for instance «= in the 50-transfer distribution of 
an acetone extract of the cells of a strain of 
Euglena, an algae (kindly supplied by Drs. 
David Mauzerall and Sam Granick). At this point 
5 or 6 shades of color are apparent. When one 
tries to get a better view by applying 1300 trans- 
fers, some dozen or more shades of color can be 
seen. We could easily enlarge this vista by apply- 
ing 10 times as many transfers, but then it would 
not fit on a single slide without loss of detail. 

These colors, like those in a real rainbow, soon 
fade. A record can be preserved by a colored 
photograph, but even better by a spectroscopic 
analysis. A fairly complete spectroscopic analysis 
o: the colored components is shown in figure 9. 
Here the shades of color are correlated with 
quantitative adsorption. The major peaks con- 
taining chiorophyls, the carotenes and other 
pigments could be recognized easily by a spec- 
trum quickly made on a Cary recording spectro- 
photometer. Some of the smaller bands, however, 
would appear to be worthy of closer study. Figure 
9, though informative, gives only a small part 
of the overall picture, since it is not a weight 
analysis and deals only with those compounds 
which absorb in the restricted wavelengths shown. 

The analytical picture is incomplete, as is the 
separation in some regions, yet it shows the way 
to proceed and should be considered only the 
first exploratory result along the path of reaching 
a more satisfactory result. 

I hope the results presented here have been 
sufficient to show that a 1000-tube distribution 
train is an entirely practical and useful separa- 
tion tool. Its cost and space requirements are 
considerable, but well under,those of several other 
separation assemblies commonly used in bio- 
chemistry. 

Long trains can give results beyond those ex- 
pected from the results of shorter ones. We do 
not expect to build a longer one although it is 
technically feasible. 
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.- PHYSICAL SEPARATION of enzymes has 


been one of the most successful approaches to the 
study of intermediary metabolism. Unfortu- 
nately, the isolation process is often tedious and 
time consuming. In spite of this, it is still at 
times the most rapid approach to a clear under- 
standing of the mechanism of a catalytic process. 
Having accomplished the isolation of an enzyme 
which appears homogeneous according to various 
physical and chemical analyses, the investigator 
may find himself confronted with a multiheaded 
enzyme. This may be defined as a protein which 
contains more than one kind of catalytic site on 
the same molecule. In order to provide proof 
that a single enzyme has sites which catalyze 
different reactions, it is necessary to demonstrate 
separation of the sites either by inactivation of 
one of them or by degradation of the protein 
molecule. For the analysis of the mechanism of 
action of a doubleheaded or multiheaded enzyme 
there are three major approaches available: a) 
kinetic measurements, b) the use of isotopes, c) 
the study of the ‘enzyme pathology’ and of the 
chemical properties of the enzyme center with 
its active sites. 

Since excellent reviews are available on the 
first two, we shall discuss here mainly the third 
approach. By structural alteration of the enzyme 
or by omission of a coenzyme or cosubstrate, it is 
at times possible to interrupt or modify the overall 
process and thus permit analysis of the individual 
steps. By the use of reagents which react with 
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the active site, it is occasionally possible to make 
a derivative thereof and to isolate fractions of the 
protein molecule which contain it. 

Experiments with the enzyme G-3-p DH? will 
serve to illustrate some of these approaches. This 
enzyme has been shown to catalyze two distinct 
and separable steps (1): Step 1. In the presence 
of DPN and the enzyme, the substrate G-3-p is 
oxidized to a phosphoglyceryl enzyme, while the 
hydrogen of the substrate is transferred to DPN. 
Step 2. Transfer of the phosphoglyceryl group 
to orthophosphate results in formation of 1 ,3- 
diphosphoglycerate. 

Step 1 can be divided into 2 substeps: 


a) Enzyme + DPN @ DPN-Enzyme 


DPN 
b) RK | +R—CHO 2 
S 


R 


| 
Enzyme-S—C=0 + DPNH + Ht 


* The following abbreviations have been used: 
G-3-p and G-3-p DH for glyceraldehyde-3-phos- 
phate and glyceraldehyde-3-phosphate dehydro- 
genase; DPN and DPNH for diphosphopyridine 
nucleotide and reduced diphosphopyridine nucleo- 
tide; EDTA for ethylenediamine tetraacetate; 
GSH for glutathione; IAA for iodoacetate,; PGA 
for 3-phosphoglycerate; RDP for ribulose-1,5- 
diphosphate; TPN for triphosphopyridine nucleo- 
tide; Tris for tris(hydroxymethy])aminomethane. 
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TABLE 1, CORRELATION BETWEEN ENZYME 
ACTIVITY AND OPTICAL DENSITY AT 
360 Mu 
Optical 
density Activity 
% % 
DPN-enzyme (6.8 mg).......... 100 100 
DPN-enzyme + 1 equivalent 
RNIN G8 Sie SoS x wow an 66 69 
DPN-enzyme + 2 equivalents 
MIS Sooo sa ess PKR os 26 28 
DPN-enzyme + 3 equivalents 
2 EEE a eine a 0 0 
Reaction Ja can be conveniently studied 


spectrophotometrically in the absence of sub- 
strate since the interaction between DPN and 
the enzyme results in the formation of a yellow 
DPN-enzyme with an absorption maximum at 
about 360 my (1). Chance (2) has measured the 
DPN-enzyme at 405 my. Although at this wave- 
length the absorption is about one-half of maxi- 
mum, it can be measured without interference 
from DPNH. Alterations of the DPN structure 
lead to profound changes in the interaction with 
the enzyme. TPN has no effect on the absorp- 
tion of the charcoal treated enzyme at 360 mu. 
The acetyl pyridine analog of DPN combines 
with the enzyme to give a compound which has 
a greater optical density at 360 my than DPN- 
enzyme; the pyridine aldehyde analog abolishes 
the 360 mu band of DPN-enzyme, presumably by 
displacing the DPN and giving rise to a nucleo- 
tide-enzyme compound which does not absorb in 
this region of the spectrum (3). 

When G-3-p DH from rabbit muscle is crystal- 
lized in the presence of EDTA it contains 3 moles 
of DPN per mole of enzyme (4, 5). Addition of 
three equivalents of iodoacetate abolishes the 
yellow coler of the DPN-enzyme. Parallel to the 
decrease in absorption at 360 my, the enzyme 
activity is lost as shown in table 1. The interac- 
tion between IAA and DPN-enzyme is so rapid 
that it takes place even in the presence of a large 
excess of glutathione. In the absence of DPN 
the reaction between IAA and the enzyme is 
much slower; it is then in fact similar in rate to 
that between IAA and glutathione. The free 
carboxyl group of IAA appears essential for the 
rapid reaction with DPN-enzyme in view of the 
fact that iodoacetamide reacts only sluggishly 
and at high concentrations, again quite similar to 
the reaction with typical SH compounds. The 
rapid and selective interaction between IAA and 
DPN-enzyme has made IAA a rather specific 
tool for the study of the enzyme. 
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TABLE 2. SH APPEARANCE AFTER TRYPTIC 
DIGESTION OF G-3-P DH 


The mixtures for digestion contained in a final 
volume of 1.5 ml: 0.075 umoles of G-38-p DH (with 
or without 0.174 wmoles of IAA); 25 umoles of 
EDTA; 30 umoles of succinate-borate* at pH 8.1; 
1.5 mg of trypsin. After 90 minutes at 37°, 0.01 ml 
of 30% H2O2 was added and the mixtures were 
kept at room temperature for 30 minutes; 20 ug 
of catalase were added to remove excess H.Q, 
and the mixtures were analyzed for GSH (see 
text). 


GSH 

Tryptic Digest Equivalents 
ee ate eS AS Si 2 ene eee AOS Or 1.6 
Enzyme + 2.3 equivalents IAA..... 0.4 


*This buffer was found to contain enough 
m¢tal ion contamination to permit effective tryp- 
tic digestion of the native enzyme (see later text). 


Other SH reagents, such as H.Os», iodine and 
p-chloromercuribenzoate, also abolish the ab- 
sorption at 360 my and, at the same time, in- 
activate the enzyme. Of particular significance is 
the fact that the substrates 1,3-diphosphoglyc- 
erate and acetylphosphate also abolish the 
absorption at 360 muy. 

On the basis of these studies of enzyme-coen- 
zyme interaction, we suggested (1) that first the 
DPN reacts with SH groups of the enzyme to 
form the yellow DPN-enzyme, then there fol- 
lows an interaction with the substrate visualized 
as an aldehydolysis. 

Before turning to the oxidation of substrate, I 
would like to make two comments regarding 
the active site on the enzyme which interacts 
with DPN or substrate or iodoacetate. As has 
been shown in the laboratories of Dr. Velick, of 
Dr. Boyer and in our own, the boiling of a well- 
dialyzed solution of G-3-p DH results in the re- 
lease of small amounts of glutathione which was 
identified by several enzymatic tests and by 
paper chromatography before and after oxidation 
(6). We have recently found that when the en- 
zyme is first treated with C'-labeled iodoacetate 
under conditions which abolish enzymatic ac- 
tivity, no radioactivity is released from the 
protein on boiling. This experiment appears to 
eliminate this glutathione fraction as the active 
site of the enzyme. We have had doubts all along 
regarding this fraction, since usually less than 
0.3 equivalent of glutathione per mole of enzyme 
was obtained instead of the expected three. 
However, when G-3-p DH was digested with 
trypsin, up to two equivalents of a compound 
appeared which reacted like glutathione in the 
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TABLE 3. PROTECTION OF G-3-P DH AGAINST 
PROTEOLYTIC ENZYMES BY DPN 

The incubation mixtures contained per ml: 7.5 
mg G-3-p DH; 80 umoles of Tris buffer at pH 
7.9 (for digestion by chymotrypsin or trypsin) or 
at pH 7.4 (for digestion by papain); 0.8 umoles of 
DPN where indicated; 60 ug of chymotrypsin, 60 
ug of trypsin or 600 ug of papain where indicated. 
Incubated 30 minutes at 37°. Extent of digestion 
measured by turbidity in trichloroacetic acid (9). 


Digestion 
% 
MVENQUPYOBED. «oss es co base cass 51 
Chymotrypsin + DPN.............. <5* 
VAIS 8S Ss aa, RRS 31 
ery pein: 4-- DPN: oi, Qodaiasciawd <5* 
RHA 3, oh oe eg ace yy ante Males 84 
PRO RI AH EIDE IN soy ier Chae wk oe =o" 


*Slight turbidity appeared on incubation of 
G-3-p DH in the absence of proteolytic enzymes. 
This denatured protein was digested in the pres- 
ence of proteolytic enzymes and the solutions 
remained clear. 


following procedure: after oxidation with HO», 
the S—S compound was reduced by glutathione 
reductase (7). The resulting SH compound 
reacted with alloxan to give a characteristic 
absorption at 305 my (8). Treatment of the en- 
tyme with 2.3 equivalents of IAA prior to pro- 
teolytic digestion markedly diminished the yield 
of the SH compound, as shown in table 2. In 
view of its reactivity with glutathione reductase 
and with alloxan, it is felt that this SH com- 
pound is glutathione itself or glutathione within 
a longer peptide chain or a compound closely re- 
lated to glutathione. Attempts to isolate C'*- 
labeled S-carboxymethy] glutathione after inter- 
action of the enzyme with C-labeled IAA, fol- 
lowed by tryptic digestion, have so far failed, yet 
it is difficult to draw definite conclusions from 
these experiments in view of the profound altera- 
tions in susceptibility to proteolysis observed in 
the presence of some compounds which interact 
with the active site of the enzyme. 

This brings us to the second comment we would 
like to make. The DPN-enzyme isolated from 
rabbit muscle was completely resistant to diges- 
tion by trypsin or chymotrypsin unless small 
amounts of a metal ion, e.g. zinc, were added. 
Removal of the DPN by adsorption on charcoal 
made the enzyme susceptible to digestion with 
accompanying loss of activity; addition of DPN 
prior to the proteolytic enzyme restored the re- 
sistance (table 3). Under the same conditions 
DPN had no apparent effect on the digestion of 
serum albumin, aldolase, lactic dehydrogenase 
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TABLE 4. PROTECTION OF G-3-P DH AGAINST IAA 

The system contained per ml: 130 ug of char- 
coal-treated G-3-p DH; 50 wmoles glycylglycine 
buffer at pH 7.6 and 0.2 umoles of IAA. Exactly 5 
minutes after addition of IAA, dehydrogenase 
activity was measured. Under these conditions, 
IAA inactivated the enzyme by 90%. The com- 
pounds listed below, when added to the enzyme 
before IAA, protected enzyme activity by about 
50% at the concentrations shown. 


Glycolaldehyde phosphate prep- 


GIGUIOIN 5 ta cocina 2X 10° mu 
Glyceraldehyde-3-phosphate.... 2X 10-‘m 
Acetylphosphate ............... 4X 10? 
3-phospheglycerate............. 4X 10° 
B-glycerophosphate............. 2X 10-2 
a-glycerophosphate............. 4X 10? 
Acetaldehyde. 5.05... a. 1X 10° 


* Evidence has been obtained recently that the 
protective and inhibitory activity (see text) of 
glycolaldehyde phosphate preparations is not 
due to glycolaldehyde phosphate itself but to an 
aldol condensation product which is currently 
under investigation. 


or alcohol dehydrogenase. Acetyl pyridine and 
pyridine aldehyde analogs of DPN delayed the 
proteolytic digestion but did not give complete 
protection. We find it difficult to understand 
how three molecules of DPN, which are bound 
to an enzyme with a molecular weight of 140,000, 
protect against proteolytic digestion. 

We come now to the interaction between the 
substrates and the DPN-enzyme. The only com- 
pound which is oxidized rapidly is G-3-p. Gly- 
ceraldehyde, glycolaldehyde, acetaldehyde and 
methylglyoxal are among the nonphosphorylated 
aldehydes which are oxidized with large amounts 
of enzyme. Erythrose-4-phosphate and even 
ribose-5-phosphate are slowly oxidized by the 
enzyme. Sometimes a hundred or a thousand 
times as much enzyme must be used with these 
unphysiological substrates to obtain rates of oxi- 
dation comparable with G-3-p. However, we 
should like to draw attention to the peculiar use- 
fulness of these compounds in permitting a slow 
motion view of the interaction between the DPN- 
enzyme and its substrate. 

Acyl enzyme formation can be followed spectro- 
photometrically with large amounts of DPN- 
enzyme by measuring DPNH formation in the 
absence of inorganic phosphate. Thus the first 
step can be measured without the second step. 

It has been proposed (cf. 1, 10) that the first 
step in the mechanism of the G-3-p DH reaction 
is the formation of a thiohemiacetal by addition of 
the substrate aldehyde to an SH group of the 
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TaBLE 5. STABILIZATION OF PHOSPHOGLYCERYL 


ENZYME (MUSCLE) IN THE PRESENCE OF 
DPN BY ALDEHYDE REAGENTS 


Decomposition of 


Additions Acyl Enzyme 
% 
eee em Soe cg OP 53 
Potassium cyanide (0.001 m).... 0 
Glutathione (0.001 m)........... 0 
Semicarbazide (0.03 M).......... 6 
Phenylhydrazine (0.03 M)....... 22 


Incubated 12 minutes at 25° 


enzyme. However, a direct aldehydolysis of the 
DPN-enzyme giving rise to DPNH and acy! en- 
zyme without prior formation of a thiohemia- 
cetal seems more likely on the basis of the follow- 
ing observation. With acetaldehyde as substrate, 
the rate of DPNH formation was 1409 as fast when 
the aldehyde was added before DPN as when it 
was added after DPN. This indicates inhibition 
of enzyme activity by thiohemiacetal formation. 
Although it is probable that thiohemiacetal 
formation can occur since aldehydes protect the 
enzyme against inactivation by IAA even in the 
absence of DPN, it should be noted that some 
compounds which have no aldehyde group, 
such as PGA, also protect G-3-p DH against 
IAA, in some instances even more effectively 
than the nonphosphorylated aldehydes (table 4). 
From this it might be concluded thai protection 
against IAA by G-3-p may not depend on for- 
mation of a thiohemiacetal with the enzyme. 
PGA, a- and 8-glycerophosphate and _ particu- 
larly a ‘condensation product of glycolaldehyde 
phosphate not only protect against IAA, but also 
inhibit the oxidation of G-3-p by the enzyme. 
The second step, acyl transfer catalyzed by 
G-3-p DH, can be studied most conveniently by 
measuring the back reaction. With either 1 ,3- 
diPGA or acetylphosphate and catalytic amounts 
of arsenate, the enzyme catalyzes the hydrolysis 
of the acyl compounds to the acid and inorganic 
phosphate. Alternatively, the reaction can be 
studied by exchange of P® into the acyl-com- 
pound or even by transfer < the acyl group to a 
suitable acceptor such as gi. tathione or coenzyme 
A (1, 11). Arsenolysis and P® exchange require 
DPN. Since we have found that DPN prevents 
proteolytic digestion of the enzyme, the DPN 
requirement for arsenolysis no longer appears so 
mysterious. In order to protect against pro- 
teolysis, DPN must induce rather pronounced 
changes in the folding of the protein. The re- 
quirement for DPN for the transfer reaction has 
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made it possible also to divide step 2 of C 3-p} the 
DH action into two sub-steps: the 
a) Enzyme + acyl-p — Acyl-enzyme + Pj oa 
b) Acyl-enzyme + DPN + phosphate phc 

(arsenate or water) —» DPN-enzymef Fes! 

+ acyl-p (acid) “ap 
om: 

Reaction 2a can be carried out in the absence} acy 
of DPN and the relatively stable enzyme-sub{ 
strate intermediate has been isolated in crystallinel RD 
form (4). This acyl enzyme can be reduced with} sinc 
DPNH to yield the corresponding aldehydef Th« 
With phosphoglyceryl enzyme, G-3-p was formed (12 
with acetyl enzyme, acetaldehyde was formed, 
Various tests performed with the acyl enzyme 
indicated that the linkage between substrate 
and enzyme was that of a thiol ester (4). When 
DPN was added to the acyl enzyme the thid 
ester was rapidly hydrolyzed. This hydrolysis 
was inhibited by a number of aldehyde reagents 
such as semicarbazide, phenylhydrazine, KCN, 
GSH and others (table 5). Since these com 
pounds had no effect on the arsenolysis of acyl 
enzyme, a functional separation of the water 
and arsenate transfer reaction can thus he 
achieved. Treatment of G-3-p DH with IAA 
accomplished the reverse, namely, hydrolyti¢ 
activity on acetylphosphate is retained while 
arsenolytic activity is abolished. 

A complete separation of transferring from 
oxidizing capacity can be achieved by treatmen 
of the enzyme with iodoacetate. The resulting 
S-carboxymethy] derivative of the enzyme is in} 4. 
active in oxido-reductions even in the presence a 
excess glutathione. About 30-40% of the ar 
senolytic reaction present in the untreated en- 
zyme can be induced in the IAA-treated enzyme 
by the addition of large amounts of glutathione 
(1). The hydrolytic activity was completely sup 
pressed under these conditions. More recently we 
have obtained evidence for a differential digestion 
of G-3-p dehydrogenase by chymotrypsin resul 
ing in a protein with a ratio of arsenolytic to 
oxidative activity which is considerably highe 
than in the control incubated without chyme 
trypsin. 

Before discussing the next enzyme, we would 
like to summarize the major points which per 
mitted the study of the individual steps catalyzed 
by G-3-p DH. a) The enzyme was available in 
gram quantities and could be used in reager 
amounts; 6) by omission of inorganic phosphaté 
the formation of acyl enzyme could be studied i 













One 
whi 
has 

met 
rate 
amc 
Thi 
effer 
mer 
RD 
thec 
far, 

Nor 
men 


MI 





lume 1? 


f C34 


e + Pj 


osphate 
enzyme 


absence 
me-sub- 
‘stalline 
ed with 
dehyde, 
formed; 
formed, 
enzyme 





ibstrate 
. When 
1e thid 
drolysis 
eagents 
KCN, 
e CoM 
of acyl 
» water 
hus be 
h TAA 
lrolyti¢ 





1 while 


g from 
atment 
sulti 
e is in 
ence 
the ar 
ted en- 
onzymel 
athione 
ly sup 
ntly we 
gestion 
resul 
ytic 
high 
ehymo} 





- would 
ch per 
talyzed 
able in 
reagen 
»sphate 
died it 





December 1958 


the forward direction; by omission of DPNH, in 
the back direction; c) treatment of DPN-enzyme 
with IAA eliminated oxido-reduction and _ar- 
senolysis, but increased hydrolysis of acetyl- 
phosphate. Addition of large amounts of GSH 
restored about one-third of the arsenolytic 
capacity without restoring oxido-reduction; d) 
omission of DPN permitted formation of stable 
acyl enzyme which could be isolated. 

We should like to turn to the next enzyme, 
RDP-carboxylase. The discussion will be brief 
since we are in the first stages of our analysis. 
The enzyme catalyzes the following reaction 
(12-15): 


RDP + CO, + HO — 2 PGA + Ht 


One acid equivalent is formed for each RDP 
which is cleaved to 2 moles of PGA. This feature 
has been used for the development of a mano- 
metric assay with bicarbonate buffer. The initial 
rate of CO, evolution is proportional to the 
amount of RDP carboxylase added to the system. 
This assay proved valuable for studying the 
effect of inhibitors which interfere with measure- 
ment of PGA. The detailed mechanism of the 
RDP carboxylase reaction is still unknown. Three 
theories (12, 16, 17) have been presented thus 
far, A, B and C, and we are adding a fourth one. 
None of them is backed by conclusive experi- 
mental evidence. 


MECHANISM OF RDP CARBOXYLASE REACTION 








A. CH,O—P CH,O—P 
| | 
C=0 COH 
| | 
CHOH -— COH Sass 
| | 
CHOH CHOH 
| | 
CH,O—P CH,O—P 
CH,0—P 
CH,O—P | 
CHOH 
HOOC—COH 
| COOH 
C=O ee 
| COOH 
CHOH 
CHOH 
CH,0—P | 
CH,0—P 
a-hydroxy B-ketoacid 


eorr- 
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B. sg O—P i O—P 
: a rie 
CHOH ~ —- 
| 
CHOH CHOH 
CH.,0—P CH,0—P 
CH.0—P 
CH.,0—P 
CHOH 
CHOH | 
e COOH 
Seal H2COs ? 4 
| COOH 
CHOH | 
| CHOH 
CH,0—P | 
CH,0—P 


3-keto RDP 
C. RDP + enzyme — 3-PGA 
+ ‘active Co'-enzyme 
‘active C2’-enzyme + CO2 > 
3-PGA + enyxme 
D. RDP + CO: — a-hydroxy B-ketoacid 
(ESH = enzyme SH) 
a-hydroxy 6-ketoacid + ESH > 
PGA + E—S 
E—S—PGA + H.0 — ESH + PGA 


PGA 





An important feature of Calvin’s mechanism A 
and also of mechanism D is that the CO: 
fixation occurs at carbon 2. Mechanisms B and C 
can be written in such a manner that CO2 adds 
to C4 or to Cz or vo C, and Cy. An experiment has 
been designed to differentiate between the two 
possibilities of CO». attachment and although it 
has not been carried out, we take the liberty of 
presenting it here, partly because the principle of 
the procedure has to my knowledge not been 
used for the study of enzyme mechanisms and 
partly because our laboratory is not fully 
equipped to permit the safe execution of the final 
experiment which requires the handling of 
several hundred millicuries of P*. 

The method is based oh the decay of P*- 
labeled PGA to separate it from unlabeled PGA. 
The assumption is made that the product of de- 
cay will not be transformed to pyruvic acid by 
the combined action of PGA mutase, enolase and 
pyruvate kinase in the presence of ADP. The 
first part of the experiment is to make RDP 
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labeled with carrier-free P® in position C-1 and 
unlabeled phosphate in position C-5. For this 
purpose we have devised a method for the 
preparation of RDP from _ribose-5-phosphate 
and inorganic phosphate in the presence of 
washed chloroplasts, AMP, Mg** and light. The 
second problem was to develop a specific degrada- 
tion for the measurement of the C-labeled 
carboxyl group of PGA. This was accomplished 
with the aid of four rather specific enzymatic 
reactions. PGA mutase, enolase and pyruvate 
kinase with ADP as phosphate acceptor trans- 
form PGA to pyruvate. In the presence of yeast 
carboxylase the carboxyl group was then cleaved 
off. Because of the low affinity of the enzyme for 
pyruvate, considerable excess of yeast carboxylase 
had to be added to complete decarboxylation. 
With these tools, the execution of the final ex- 
periment should be as follows. In view of the 
presence of small amounts of Pi in the chloro- 
plasts, about 800 mc of carrier-free P® should be 
added to the chloroplasts to make the appropri- 
ately labeled RDP. In the presence of RDP 
carboxylase and CO, this RDP could, by the 
proposed mechanisms, give rise to four species of 
PGA as outlined below. 


1. Attachment to Carbon 2 
CH2OP”03 He 


HOOC'*—C—OH 


CH2OPO;H2 


CH:0P”0; He CH2OPO;H2 


CHOH + CHOH 


C“OOH COOH 
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2. Attachment to Carbon 4 
CH: OPO; He 
| 


CHOH 
| 


HeC'4O3 
ae 


CH2OPO3H2 


CH: 0P”0; He CH2OPO; Hy, 


exon + ase 
COOH C400H 
According to theory A, all C will be associated 
with P®; according to B, some C*™ label should 
appear in PGA which contains P*. In figure 1 the 
predicted fate of the PGA-C™ label is charted. 
Since every 2 weeks half of the P-labeled PGA 
must decay, the addition of C“O2 to carbon 2 
should give rise to a decay curve of C4-PGA 
which approaches zero in several months. If all 
CO, attaches to C-4, the COOH count should 
remain unaltered and, if CO» can add to either 
Cz or C,, the decay curve should fall in between. 
This experiment should tell whether CO. goes to 
Co, C4, or to both, but it will not differentiate, 
e.g. between mechanism A and D. 

There are two arguments in favor of a mecha- 
nism such as D in contrast to the other three. 
One is the apparent irreversibility of the reaction. 
Efforts were made to demonstrate reversibility 
with highly radioactive C-labeled PGA as sub- 
strate. Assuming a AF of 7-8 kcal/mole, the con- 
ditions of the test were designed to permit ready 
detection of the back reaction. Although carboxyl 
labeled PGA with a specific activity of 1.36 x 10° 
ct/umole/min. was used and the experiments 
carried out so that the expected products, CO, 
and RDP, would have been removed (by RDPase 
and trapping of CO, in alkali), no indication for 
the formation of C“O, could be obtained. The 
consistent failures of these attempts suggest a 
more complex mechanism, possibly with a high- 
energy intermediate. The second point is the re- 
quirement of SH groups for the reaction. These 
findings suggest the possibility of a thiol ester as 
an intermediate and we are looking into this at 
the present time. 

Thus far the enzyme has not yielded to various 
approaches and clear evidence for a two-step 
reaction is still lacking. Addition of trapping 
agents for keto acids, such as phenylhydrazine 
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and hydroxylamine, inhibits the reaction. In the 
presence of CO, and at concentrations of trap- 
ping agents giving 50% inhibition, attempts were 
made to demonstrate formation of a keto acid 
derivative, so far with no success. Although a few 
minutes’ lag in the rate of PGA production from 
RDP by RDP-carboxylase can be demonstrated 
rather consistently, a separation of two enzyme 
components by various fractionations, including 
a cellulose DEAE column, has not been achieved. 

In closing, it may be said, to paraphrase a 
famous quotation, that one can fool some of the 
enzymes most of the time, most of the enzymes 
some of the time, but one cannot fool all of the 
enzymes all of the time. 


The authors thank Mrs. E. A. R. Schroeder for 
her valuable assistance. 
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MECHANISM OF ACTION OF MUSCLE AND YEAST PHOSPHO- 
GLUCOMUTASE AND A SUGGESTED MECHANISM 
FOR YEAST HEXOKINASE! 
Vicror A. NasJAR AND Ernest E. McCoy 
From the Department of Microbiology, Vanderbilt University School of Medicine, Nashville, Tennessee 


as PRESENTATION includes a discussion of the 
mechanism of action of phosphoglucomutase 
from muscle and yeast. It has been possible to 
purify yeast mutase and show that its mecha- 
nism of action is identical with that of the crys- 
talline muscle mutase shown earlier (1-3). The 
enzyme alternates between two states, a phos- 
phoenzyme and dephosphoenzyme. A proposed 
mechanism for hexokinase action is also pre- 
sented and based on the premise that the active 
enzyme exists alternatively as a glucose-enzyme 
and a 6-phosphoglucose-enzyme. 


MUSCLE PHOSPHOGLUCOMUTASE 


This enzyme converts reversibly glucose 1- 
phosphate to glucose 6-phosphate in two steps 


1 This investigation was supported by research 
Grant No. RG-5474 from the National Institutes 
of Health, Bethesda, Md. 


(1-3). The mechanism of this. conversion was 
shown to be as follows: 


Glucose 1-phosphate + phosphoenzyme 


ki (Step 1 ) 
Glucose 1,6-diphosphate + dephosphoenzyme 
ke (Step 2) 


Glucose 6-phosphate + phosphoenzyme 


All the components of the system have been 
identified. Thus, the enzyme was shown to 
possess one mole of phosphate per mole of 
enzyme based on a molecular weight of 74,000 
(4). The equilibrium constants for both steps were 
determined. In the first step ki = 4.58 and 
AF° = -—914 calories. For the second step 
ke = 3.76 and AF° = —800 calories. The free 
energy of hydrolysis of the enzyme-phosphate 
bond amounts to —3914 calories, a value quite 
in keeping with the ester phosphate linkage of 
phosphoserine (5, 6). 
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Fig. 1. Variation in Km for glucose 1-phos- 
phate with different amounts of glucose 1,6-di- 
phosphate. 1 ml of reaction mixture contained 
glucose 1-phosphate 9.1 um, TPN 0.26 um, zwich- 
enferment 0.25 units, MgCl. 20 um, various 
amounts of glucose 1,6-diphosphate and histidine, 
70 wm at pH 7.5. The reaction was started with the 
enzyme. Rate readings of TPNH were recorded 
every. 30 sec. after 1s. min. Values used for plot 
were conveniently chosen rate readings with 
corresponding initial concentrations of glucose 
1-phosphate. 


A close analysis of this mechanism may serve 
to clarify some pertinent points regarding the 
nature and kinetics of this reaction. a) It is clear 
that the enzyme owes its catalytic activity to the 
fact that it oscillates between two states. In the 
first step, the enzyme gives off its phosphate to 
carbon 6 of glucose J-phosphate. In the second 
step, the enzyme recaptures the phosphate from 
carbon 1 of the resulting glucose 1 ,6-depnosphate 
aud produces the product glucose 6-phosphate. 
The regenerated phosphoenzyme is now available 
to react with another molecule of glucose 1-phos- 
phate and repeat the cycle. b) It is also apparent 
that in the first step the amount of glucose 
1 ,6-diphosphate formed is limited by the quan- 
tity of phosphoenzyme used and would be equal 
to that of the dephosphoenzyme formed. In the 
usual reaction, the concentration of the enzyme 
ordinarily used is very much lower than that of 
the substrate. It follows that the concentration 
of the glucose diphosphate formed would be con- 
siderably small by contrast to that of glucose 1- 
phosphate used. In the overall conversion of 
glucose 1-phosphate to glucose 6-phosphate, the 
rate limiting reaction in the saturated state, 
therefore, is the second step. It can readily be 
shown that this can be speeded up equally well 
by the addition of the diphosphate or dephos- 
phoenzyme (manuscript in preparation). It is to 
this fact that the diphosphate owes its coenzy- 


Fig. 2. Rough relationship between Km for 
glucose 1-phosphate and concentration of glucose 
1,6-diphosphate. Details as in fig. 1. 


matic activity. Further, by adding appropriate 
amounts of glucose diphosphate, the overall 
forward reaction rate is increased for two reasons. 
The first is obviously related to the increased 
mathematical product of the concentrations of 
the reactants in the second and rate limiting step. 
The second is a consequence of the first in that 
the increased rate of phosphoenzyme formation 
would raise its concentration. This in turn will 
increase the forward rate of the first step, since 
the phosphoenzyme is one of the two reactants. 
c) The inhibition of the mutation reaction by 
excessive amounts of the diphosphate may also be 
explicable in terms of the kinetics involved in the 
mechanism of the reaction. It must be recalled 
that in the forward reaction, the products of the 
first step are also the starting reactants for the 
second step. Therefore, an increase in the con- 
centration of glucose diphosphate would increase 
not only the forward rate of the second step, but 
also the reverse rate of the first step. The in- 
crease in the reverse rate of the latter can be of 
sufficient magnitude to inhibit the overall trans- 
formation of glucose 1-phosphate to glucose 6- 
phosphate. The extent of this inhibition depends 
on the relative rates of the forward and reverse 
reactions of the first step. Consequently, it would 
be influenced by the relative concentrations of 
glucose diphosphate and glucose 1-phosnhate. 
Tix greater the concentration of glucose i-phos- 
phate, the higher is the concentration of the 
diphosphate required for inhibition. Thus, a 
concentration of 7.5 <X 1077 m of diphosphate is 
inhibitory to the overall reaction when the con- 
centration of glucose 1-phosphate is 1 « 1074 M. 
However, this inhibition is readily overcome when 
glucose 1-phosphate concentration is raised to 
1 X 107° M. 

It has been suggested earlier that a state of sub- 
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srate saturation, hitherto explained by a type of 
Michaelis enzyme substrate complex, merely 
reflects the extent to which the second step of the 
mutase reaction is limiting (3). By varying the 
concentration of glucose diphosphate, thereby 
varying the rate of the second step and the extent 
to which it limits the rate of the whole reaction, 
it has been possible to show that the experi- 
mentally derived Km for glucose 1-phosphate 
varies directly with the concentration of the 
diphosphate present. Figure 1 illustrates this 
point graphically in the usual way (7). The 
activity of the enzyme was measured by coupling 
the reaction with a large excess of TPN and 
glucose 6-phosphate dehydrogenase (8). The rate 
of TPN reduction was, therefore, a direct 
measure of glucose 6-phosphate formation. Three 
increasing concentrations of glucose 1,6-di- 
phosphate, 7.5 X 10-° m, 3.0 X 107° m and 
75 X 10-° m gave increasing values of Km 
amounting to 2.4 x 107-° M, 6.3 «K 107° mM and 
48 xX 1074 M, respectively. The concentration of 
glucose diphosphate appears to bear a linear 
relationship to the logarithm of the Km values 
obtained. This is shown in figure 2. Km values for 
glucose 1,6-diphosphate were also obtained at 
different concentrations of glucose 1-phosphate. 
Here again the Km varied directly with the 
concentration of the substrate. At glucose 1- 
phosphate concentrations of 2.5 xX 107° M, 
5.0 X 10-5>m and 2 X 10-*M, the Km for glucose 
1,6-diphosphate derived was 8.3 X 107° M, 
22 x 10-°M and 7.6 X 10°* M, respectively. In 
this type of reaction, therefore, such values as 
one derives for Km cannot be interpreted in the 
usual manner. It is quite likely that the bimodal 
effects of glucose diphosphate in affecting the 
reverse rate of the first step, as well as the forward 
tate of the second step, may bear on the variable 
Km observed. Variations in Km values for sub- 
strate and coenzyme were noted earlier for DPN 
dependent dehydrogenases (9). However, the 
Km ‘for the substrate was found to be propor- 
tional to the reciprocal of the coenzyme con- 
centration. 


YEAST PHOSPHOGLUCOMUTASE 


For yeast phosphoglucomutase (manuscript in 
preparation) the purification procedure was 
essentially similar to that used in the muscle 
enzyme (10). A maximum of 50-fold purification 
was attained. The enzyme contained no glucose 
1,6-diphosphate, was free of any phosphatase, 
glucose 1-phosphate transphosphorylase activ- 
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ities, and glucose 1-phosphate kinase which would 
interfere in the study of the mechanism. Unlike 
the muscle enzyme, yeast mutase was found un- 
stable on storage under the various conditious 
used and, hence, limited the quantity of enzyine 
that could be available at any one time. It was 
necessary, therefore, to confine the characteriza- 
tion pocedures only to those specific methods 
that utilize minimal quantities of the reactants 
involved (3). Nevertheless, it was possible to show 
that the mechanism of action of this enzyme is 
identical with that of the crystalline muscle mu- 
tase. This conclusion was based on the following 
findings: 1) glucose 1,6-diphosphate is formed 
when the enzyme is reacted with glucose 1-phos- 
phate or glucose 6-phosphate; 2) dephosphoen- 
zyme is formed by repeated treatment of the 
mutase with either hexose phosphates followed by 
dialysis; 3) such preparations of enzyme showed 
little or no mutase activity toward the substrate 
and correspondingly little or no formation of glu- 
cose 1,6-diphosphate when treated with glucose 
1-phosphate; however, full regeneration of these 
two properties were obtained upon treatment 
with the diphosphate; 4) thus, when dephos- 
phoenzyme was treated with glucose 1,6-di- 
phosphate, the enzyme was rephosphorylated 
and some of the diphosphate was used up in the 
process. The phosphoenzyme so formed was then 
capable of producing glucose 1,6-diphosphate 
when treated further with glucose 1-phosphate. 
The methods used for the preparation and 
identification of the reactants are the same as 
those previously employed with the muscle 
enzyme (1-3). A full account of this work will be 
published elsewhere (manuscript in preparation). 


YEAST HEXOKINASE 


The first formulation that was studied involved 
a direct transfer of phosphate from ATP to the 
enzyme, followed by a second transfer from the 
phosphoenzyme to carbon 6 of glucose. 


Dephosphoenzyme + ATP 
= Phosphoenzyme + ADP (Step 1) 
Phosphoenzyme + glucose 
= glucose 6-phosphate 
+ dephosphoenzyme (Step 2) 


This mechanism implies that in the presence of 
the enzyme, there should be an exchange of 
phosphate between free glucose and glucose 6- 
phosphate (step 2). However, using C* labeled 
glucose and C™ glucose 6-phosphate or vice 
versa, it was apparent that the radioactivity was 








1144 


not transferable (11). This essentially ruled out 
this formulation of the mechanism. Nevertheless, 
any other formulation would necessarily have to 
account for the failure of this exchange to occur. 
Accordingly, a second formulation was adopted 
for study. 


Glucose-enzyme + ATP 
= 6-phosphoglucose-enzyme 
+ ADP (Step 1) 
6-phosphoglucose-enzyme + 
glucose = glucose-enzyme 
+ glucose 6-phosphate (Step 2) 


This formulation is consistent with a number of 
facts pertinent to hexokinase activity. a) it 
accounts for the lack of exchange of phosphate 
between glucose 6-phosphate and glucose in the 
presence of the enzyme. b) It also accounts for 
labeling of the enzyme with P® glucose 6- 
phosphate or ATP (12), on the assumption that 
the labeled phosphoserine observed might be due 
to the transfer of phosphate during acid hy- 
drolysis of the protein. c) It also explains the 
marked inhibition of enzyme activity by the 
product glucose 6-phosphate. When glucose 6- 
phosphate accumulates, the greater part of the 
enzyme would exist in the phosphoglucose-en- 
zyme form, as expected in step 2. There should 
then be a corresponding reduction of the glucose- 
enzyme concentration. The result would be a 
reduction in the forward rate of the first step and, 
consequently, an inhibition of the overall enzyme 
reaction, d) This mechanism is also consistent 
with the fact that C™ glucose labels the enzyme. 

Preliminary experiments, using C“ glucose and 
crystalline yeast hexokinase (kindly supplied by 
Drs. R. A. Darrow and S. P. Colowick and 
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prepared by their new method (14)) oi 27-40% 
purity, showed that 30-60% of the enzyme car 
be labeled. This was based on an activity, fo 
pure enzyme, of 500 uw moles of glucose phos! 
phorylated per milligram of protein per minut 
(13) and a molecular weight of 96,000 (14). Thiy 
suggested mechanism is currently under study 
and can only be regarded as a working hypoth: 
esis, particularly in that enzyme preparation 
of the highest activity have not been available for 
testing. 
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PROTEIN STRUCTURE AND ENZYME ACTION! 


D. E. KosHuanp, Jr., Wruu1aAM J. Ray, Jr. AnD Mary JANE ErRwIN 


From the Biology Departmeni, Brookhaven National Laboratory, Upton, New York 


1. Is A KEY OBJECT of biological investigations 
to relate in a precise way the structure of a 
natural material to its function in the living 
system. In the case of enzymes this problem has 
its formidable aspects because of the complexities 
of protein structure, but it also has the particu- 
larly favorable feature that the reaction under 
investigation can be isolated and studied in 
vitro. In addition, the recent development of a 
number of techniques, e.g. amino acid sequence 
determinations, has made the protein structure 
problem accessible, if not simple. 

An ultimate solution of the problem would seem 
to require a precise assignment of position for 
eech amino acid of the total enzyme in three- 
dimensional space. Fortunately, large initial 
progress and perhaps even an ultimate answer 
can be obtained with far less effort because of 
the concept of an ‘active site’. Since most pro- 
teins are of large molecular weight compared to 
their substrates, it is clear that only a few of the 
amino acids of the enzyme can be in contact with 
the substrate during enzyme action. Even in the 
case of enzymes acting on substrates of high 
molecular weights, e.g. the proteases and nu- 
cleases, the fact that their specificity is the same 
for low molecular weight analogs and the se- 
quential nature of their attack on the high molec- 
ular weight materials indicates that only a small 
portion of the large substrate is in contact with 
enzyme at any one time. It is the amino acids in 
contact with the substrate and their immediate 
neighbors which we designate as the ‘active site.’ 

While the idea was recognized long ago that 
the active site should give the most direct in- 
formation regarding enzyme action, the identi- 
fication of this area for any particular enzyme is a 
matter of very recent history. The first steps to- 
wards this identification were made with the 
demonstration of the stoichiometric reaction of 
diisopropylfluorophosphate (DFP) with chymo- 
trypsin to give the inactive diisopropylphosphor- 
ylated protein (1). On degradation with acid, 


1 Research carried out at Brookhaven National 
Laboratory under the auspices of the U.S. Atomic 
Energy Commission. 


serine phosphate was obtained (2). That reaction 
had occurred initially at the active site was in- 
dicated by a) the inhibition of enzyme action by 
DFP and b) the inhibition of DFP reaction by 
the presence of substrate. That serine was at the 
active site did not follow necessarily from this, 
however, since the conditions of degradation were 
precisely those known to catalyze acyl and phos- 
phoryl migrations (3, 4). Moreover, the con- 
clusion that the rather inert side chain of serine 
was acting as the nucleophilic site on the enzyme 
seemed difficult to believe in view of the evidence 
from pH-rate profile ("), model studies (6-8) and 
irradiation experiments (9) indicating that 
histidine performed this role. An initial reaction 
with histidine, followed by an acid catalyzed 
migration to serine would thus be in accordance 
with the facts and would utilize a reactive rather 
than an inert side chain as the nucleophilic group 
during enzyme action. 

Our own work centered on phosphoglucomu- 
tase because it had been established that a 
phosphorylated enzyme was formed during 
enzyme action (10) and because acid hydrolysis 
established the presence of serine phosphate in 
analogy to the esterases (11). The rationale of the 
experiments was to disorient the molecule with 
agents which did not catalyze phosphoryl shifts 
before treatment with acid. A histidy] phosphate 
with no adjacent serine should then liberate 
inorganic phosphate on treatment with acid. A 
typical disorientation was achieved with urea 
which was shown to cause reversible inactivation 
of the enzyme. The lack of reactivity indicated 
a change in geometry, either through swelling or 
unfolding, of the active site and the reversibility 
showed that no migration to an inert group out- 
side the active site had occurred. Another dis- 
orientation was achieved by proteolysis to small 
peptides at pH 7, conditions known not to 
catalyze migration. In each case the disoriented 
phosphoryl compound showed the inertness of 
serine phosphate rather than the lability of 
N-P, S-P or carboxyl phosphate derivatives. It 
was concluded, therefore, that the phosphate was 
on serine in the normal active enzyme (12). The 
analogy to the esterases was supported further 
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by the demonstration of DFP inhibition of the 
phosphoglucomutase. 

Work on chymotrypsin similarly indicated that 
serine was not merely a sink which happened to 
trap phosphate during degradation of the enzyme. 
Thus acetylated chymotrypsin on treatment with 
urea gave an ester type of acetyl bond, i.e. no re- 
action with hydroxylamine under mild conditions 
(13). Also, proteolytic degradation of DP- 
chymotrypsin gave diisopropylphosphorylated 
serine peptides (14). 

The conclusion that both serines played anal- 
ogous roles at the active sites of the two enzymes 
then led to a comparison of the amino acids 
adjacent to the serine. The sequence around 
serine on chymotrypsin had been shown to be 
Asp Ser Gly by the work of Schaffer and co- 
workers (15) and this sequence has been con- 
firmed in other laboratories (16)?. On degrading 
phosphoglucomutase P*-labeled peptides whose 
composition was strikingly similar to those ob- 
tained from chymotrypsin were obtained (17). 
From their composition it seemed probable that 
they also had a similar sequence and this has 
recently been confirmed. Peptides containing 
Asp Ser Gly Glu, Ser Gly Glut and Ser Gly have 
been obtained and the tripeptide Ser Gly Glut has 
been shown to have an N-terminal serine by the 
fluorodinitrobenzene reagent. The fluorodinitro- 
benzene gave poor reactions with the tetrapep- 





2 At the time of this writing there is some dis- 
crepancy between the various laboratories as to 
the sequence beyond glycine at the C-terminal 
bond of the peptides isolated. While the possible 
explanations for this are of interest they do not 
bear directly on the thesis of this paper and hence 
will not be discussed here. 
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Fig. 2. Effect of time of irradiation on histidine 
content of phosphoglucomutase—log plot. Curved 
line at top of figure is the sum of the 2 straight lines 
representing the respective ‘slow’ and ‘fast’ 
groups. 


tide but this is a typical behavior for N-terminal 
aspartic acid. Evidence for N-terminal aspartate 
was obtained in a fraction which had the four 
amino acids of the tetrapeptide plus less than 
molar amounts of alanine and threonine. It ap- 
pears clear, therefore, that the immediate neigh- 
bors of serine are the same for an enzyme which 
hydrolyzes peptide bonds and an enzyme that 
phosphorylates a carbohydrate. 

One explanation for such a recurring sequence 
was pure chance. The possibility that such a 
repetition at so crucial a position in the enzyme 
was accidental seemed improbable a priori. The 
recent observations that trypsin (18, 19) and 
thrombin (20) also have the same sequence lowers 
the plausibility of such an explanation even 
further. 

If the recurring sequence has a function and if 
the enzymes are of very different specificity it 
seemed logical that this sequence was present for 
a purpose other than specificity, ie. the bond 
changing or catalytic function of the enzyme. 
Hence, a reasonable hypothesis (17) was that 
enzymes are composed of groups of amino acids 
whose primary function is catalysis, i.e. bond 
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Fig. 3. Effect of time of irradiation on activity 
and histidine content of the ‘fast’ group of phos- 
phoglucomutase. 


breaking and forming, and groups of amino acids 
whose primary function was specificity. It 
follows then that the same catalytic amino acids 
might recur in enzymes of different specificity. 
Such a hypothesis, moreover, had theoretical 
support from stereochemical studies (21). Using 
the change in configuration of the carbon atom 
under attack as a criterion of mechanism it had 
been concluded, for example, that alpha amylase 
and sucrose phosphorylase utilize similar bond 
breaking mechanisms, since both yield a product 
having the same configuration as the starting 
material. Likewise, beta amylase and maltose 
phosphorylase would be expected to have similar 
mechanisms, since inversion of configuration is 
observed during enzyme action in these cases. A 
classification on the basis of specificities, however, 
would certainly link the two amylases in one 
group and the two phosphorylases in another. 
Therefore, stereochemical arguments also lead to 
the conclusion that the bond breaking function of 
the enzyme can operate independently of the 
specificity function. 

At this point, it is logical to ask how much of 
the catalytic group is repeated in the different 
enzymes. Strong evidence for the essentiality of 
an intact histidine had been obtained for the 
proteolytic enzymes so a similar study using the 
elegant irradiation technique of Weil and co- 
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Fig. 4. Comparison of net changes as a result 
of phosphoglucomutase and esterase activity. 


workers (9) was initiated. The enzyme was 
assayed and found to contain 11 + 1 histidines 
per mole. The losses of histidine and enzyme 
activity were then followed upon irradiation, but 
the results (shown in figure 1) reveal no direct 
relationship between the total histidine loss and 
loss of enzyme activity. The phosphoglucomu- 
tase is not exactly like chymotrypsin, which loses 
its enzyme activity when one histidine has been 
destroyed. However, a relationship does emerge if 
the curve is analyzed kinetically as shown in 
figure 2. It is seen that the curve for total histi- 
dine is the sum of two components, a ‘fast’ group 
of ca. 5 histidines and a ‘slow’ group of ca. 6 
histidines. The rate of destruction of the fast 
group is more than 10 times as rapid as the slow 
group and this rate corresponds precisely to the 
rate of destruction of enzyme activity (ef. 
fig. 3). This establishes a direct relation between 
the histidines of the ‘fast’ group and the enzyme 
activity. 

Moreover, the linearity of the reiation on a log 
plot and the agreement of the rate constants can 
be used to establish that one and only one histi- 
dine of the fast group is required intact for en- 
zyme action. In brief, the reasoning is as follows. 
Since a straight line relation holds for over 90% 
destruction of the ‘fast’ group, all the histidines 
in this grovp must be destroyed at essentially the 
same rate. Therefore, when a ‘fast’ histidine at 
at one position is half destroyed, half the histi- 
dines in the remaining 4 positions of the fast 
group are also destroyed. If two ‘fast’ histidines 
were involved at the active site and both were re- 
quired for enzyme action, the relationship of 
the remaining enzyme activity (A/Ao) to the 
remaining histidine in the fast group (H/Ho) 
would be as shown in equation 1. In this case the 
differentials with respect to time 


(A/Ao) = (H/Ho)? (1) 
would be as seen in equation 2. 


d(A/Ao) H \ d(H/Ho) 
ee 2 (7) ee ee 
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Similarly, if two histidines were involved at the 
active site and either alone was able to allow 
enzyme activity, the relations shown in equation 3 
would hold. Th» involvement of more histidines 
would clearly 


(A/Ao) = —(H/Ho)? + 2(H/Ho); 


d(A/Ao) d(H/Ho) 8) 
_ (-2cH/H10 =H 2) cer aes 





involve terms of H/H» to even higher powers. 
Only in the case in which one, and only one, 
histidine is required intact does the relation 
A/Ao = H/H, hold and, therefore, only in this 
case do the rates for destruction of histidine and 
enzyme activity equal each other as is observed 
experimentally. Since most enzymes will probably 
have many histidines per molecule, this type of 
analysis should be of general utility. 

The most probable explanation for the two 
histidine rates is that the ‘fast’ group is on the 
enzyme ‘surface’, whereas the ‘slow’ group is in 
the interior of the molecule. The difference in 
rates could, a priori, also be due to different 
peptide links, but in view of the sequences al- 
ready uncovered in peptides and proteins it seems 
unlikely that there would be only two types of 
chemical groupings around histidine. The idea 
that the accessibility of the methylene blue free 
radical is involved is further supported by the 
demonstration that the rate constant for attack 
on free histidine in solution is equal to that of the 
fast group. 

It is interesting to note that the possibility that 
a histidine of the ‘slow’ group can substitute for 
the required fast histidine can be excluded un- 
equivocally, since the rate of enzyme activity loss 
would then be roughly equal to the ‘slow’ rate. 
However, the possibility that a histidine of the 
slow group is required in addition to the ‘fast’ 
histidine cannot be excluded until more refined 
analytical techniques are available. Regardless of 
the outcome of this point, it is clear that the re- 
quirement for at least one intact histidine at the 
active site of phosphoglucomutase further sup- 
ports the similarity to chymotrypsin and strongly 
suggests that the entire catalytic unit is the same 
for the two enzymes. 

Let us now consider how the two amino acid 
groups combine at the active site. Recently 
evidence has been obtained that the classical 
template theory is not adequate to explain all 
observed cases of enzyme specificity and it has 
been suggested that in many cases, appreciable 
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change in structure of the enzyme occurs upon 
interaction with the substrate (22, 23). Enzymes 
will presumably follow one pattern or the other, 
depending on the flexibility of the active site. A 
separation of amino acid groupings is compatible 
with either template or induced fit behavior, 
In each case a requirement for enzyme action is 
that the bonds to be broken or formed must be 
able to get into close contact with the catalytic 
amino acids. With enzymes following template 
type specificity, the specificity amino acids will 
prevent this alignment for nonsubstrates by 
steric hindrance. With enzymes following induced 
fit specificity the nonsubstrate interacts with the 
specificity amino acids so that the delicate align- 
ment necessary for enzyme action is not attained. 
While the latter has certain attractive features, 
particularly in view of the finding that histidine 
and serine are rather distant from each other in 
the amino acid chain, it is clear that sequentially 
distinguishable amino acid functions are readily 
compatible with either type of specificity be- 
havior. 

At this point it might well be said that the 
hypothesis of a common catalytic unit is logical 
but still unbelievable. The amino acid data in- 
dicate it to be so, but the reactions seem to be too 
dissimilar to be catalyzed by the same groups. 
Hence we should look at how dissimilar the re- 
actions really are, and in figure 4 the net changes 
as a result of esterase and phosphoglucomutase 
action are depicted. The dotted lines do not in this 
case indicate the course of the reaction, as we 
believe that a serine intermediate is involved. 
They do indicate the bonds that are ultimately 
formed and broken, and the similarity is striking. 
In the case of the esterase the incoming hydroxy] 
is part of the water molecule, whereas in phos- 
phoglucomutase it is attached to glucose. In the 
esterase the departing R’ can conform to the 
specificity of chymotrypsin, trypsin, etc. whereas 
in phosphoglucomutase R” is a carbohydrate. 
While the differences in R are major, the dif- 
ferences in the region of the bond changing is 
minor. Both of the breaking and forming bonds 
should be accelerated by the same types of acid 
and base catalysis. The P and C radii are not 
identical, being ca. 0.6 and 1.11 A, respectively, 
but one only has to imagine a minor readjust- 
ment in the geometry of the catalytic groups to 
correct for such a change. Indeed, since all dis- 
placement reactions involve a very similar type 
of process, i.e. a leaving group and an attacking 
group each operating approximately a bond 
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distance from a central atom, it is not difficult to 
conceive of a common catalytic group operating 
over a wide range of reactions. For each reaction, 
however, a delicate geometry must be maintained 
and the enzyme structure is designed to establish 
this geometry. 

The conclusion of the previous discussion is 
that the catalytic unit for two different substitu- 
tion reactions has common ingredients. We 
cannot be sure that they are entirely the same for 
we are not at all sure that other amino acids as 
yet not described also participate in the bond 
breaking function, but this is not an unreasonable 
extrapolation in view of the similarity of the two 
reactions. We have also concluded that the 
various parts of the bond breaking unit act 
because they are able to assume a precise and 
delicate geometric relationship with each other 
and the appropriate bonds in the substrate. 
Whether this precise geometry is attained de- 
pends on the other amino acids in the protein, 
those whose primary function is specificity and 
which will vary from enzyme to enzyme. It would 
appear conceivable then that a rearrangement in 
the specificity amino acids would allow the 
catalytic unit to act on bonds other than those 
for which the protein was originally designed. 
In particular, one might look for some pro- 
teolytic activity in suitably treated phospho- 
glucomutase. Evidence for such activity has been 
obtained. 

When P-labeled phosphoglucomutase _ is 
treated with cysteine and incubated at 37° at 
pH 6.5, a P*®-labeled peptide appears in the 
supernatant liquid on treatment with trichloro- 
acetic acid. The amount of peptide increases with 
time of incubation. That the release is not due to 
TCA action is shown by the fact that the protein 
can also be precipitated with alcohol and the 
same amount of peptide is obtained in the super- 
nate. That it is not a peptide which was only 
absorbed to the bulk of the protein is indicated by 
its failure to be released on incubation of the 
protein with strong acid (N HCl) or strong base 
(N KOH). That it is not merely joined by S—S 
links is shown by its failure to be released on 
treatment of the protein with performic acid. By 
elimination, therefore, the release of the peptide 
would seem to be caused by the splitting of a 
peptide bond and hence due to proteolytic action 
of the enzyme on itself. Further support for this 
conclusion is indicated by the fact that the 
peptide release is pH dependent and shows a 
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bell-shaped pH-activity curve characteristic of 
enzymic activity. 

While the evidence for a cysteine-induced 
proteolytic action is strong, the conclusion that 
the same sites are involved in the mutase and 
proteolytic activities is not yet established. A 
trace impurity of high turnover number or a 
second site on the phosphoglucomutase molecule 
are possibilities which can not be rigorously ex- 
cluded at this time. In order to reduce the pos- 
sibility of an impurity, purifications of the 
enzyme on a DEAE-cellulose column were per- 
formed. Chromatography was carried out at 
pH’s 5 and 7.4. The eluted enzyme had nv higher 
specificity activity than the crystallized enzyme 
and no loss of the cysteine-induced proteolytic 
activity was observed. The crystallized enzyme 
was homogeneous in ultracentrifuge and elec- 
trophoretic analyses. 

Finally, it may be worthwhile to clarify what 
we mean by a recurring catalytic grouping. We 
do not mean that the same Hist-Asp.Ser.Gly 
unit is present in all transfer enzymes. Such a 
conclusion is clearly contraindicated by a) the 
changes in stere.chemistry indicating at least two 
distinct roles for transfer enzymes, b) the quite 
different pH dependence of different enzymes 
(23) and c) the lack of such a sequence in ribonu- 
clease (24). What is suggested is that the Hist- 
Asp.Ser.Gly combination will be present in 
many transfer enzymes of varying specificity, 
that the combination of amino acids responsible 
for catalysis by ribonuclease will occur in other 
enzymes having specificities different from 
ribenuelease, that the combination of amino 
acids responsible for hydride transfer in dehydro- 
genases will be present in other dehydrogenases 
of varying specificity, etc. These ‘catalytic 
amino acids’ are then joined to the ‘specificity 
amino acids’ in a three-dimensional geometry 
which only allows catalysis of appropriate sub- 
stances, 

A reasonable, but not necessary, extrapolation 
from the existing data then leads to the suggestion 
that perhaps recurring specificity groupings will 
also occur, i.e. the “glucose” distinguishing amino 
acids will be the same for a number of enzymes 
which do different things to glucose compounds. 
This separation of specificity function is, of 
course, not too difficult to accept in view of a 
known existing mechanism for producing only 
specificity, ie. antibody synthesis. In this case, 
of course, the specificity amino acids are so 
separated that no catalytic amino acids at all are 
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present. Clearly such a separation of structure 
and function would make the problem of evolu- 
tion more simple. The design of a new enzyme 
would not involve a tailoring process in each 
case but rather the choice of an already known 
catalytic unit which is then endowed with 
specificity by a process resembling antibody 
synthesis. 
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STEREOSPECIFICITY OF HYDROGEN TRANSFER IN PYRIDINE 
NUCLEOTIDE DEHYDROGENASE REACTIONS 


Bircit VENNESLAND 


From the Department of Biochemistry, University of Chicago, Chicago, Illinois 


aa FOLLOWING DISCUSSION will be concerned 
with some aspects of the metabolic action of the 
pyridine nucleotides, DPN (diphosphopyridine 
nucleotide) and TPN (triphosphopyridine nu- 
cleotide). Both of these substances, found in all 
living cells, are functionally similar. The chemical 
change associated with their action is shown in 
figure 1. Two hydrogen atoms are removed from 
the substrate in the presence of the substrate- 
specific enzyme. One of these hydrogen atoms is 
liberated as a proton or hydrogen ion. The other 
proton, with two electrons, is added to the 
nicotinamide ring at the para position (1, 2). 

The substrates of the pyridine nucleotide 
dehydrogenases fall into several classes. One 
major group consists of primary and secondary 


alcohols which are oxidized to aldehydes or 
ketones, respectively. In these alcohol oxidations, 
one hydrogen atom is removed from the carbinol 
carbon atom and the other comes from the OH 
group. At Professor F. H. Westheimer’s sug- 
gestion, about 7 years ago, we made use of 
deuterium to show that the first of these H atoms, 
the one attached to the carbon atom, is the same 
H atom as that which is added to the para po- 
sition of the nicotinamide ring of the DPN. This 
is shown by labeling the hydrogen with deu- 
terium. Thus when a-dideuteroethanol was used 
to reduce DPN in the presence of alcohol de- 
hydrogenase, one atom of deuterium was trans- 
ferred to the reduced DPN (3, 4). 

Another group of pyridine nucleotide dehy- 
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“4 
H J CONH, CONH, 
+2H—» +H* 
H XG H 
‘ a 
R R 


Fig. 1. Reduction of pyridine nucleotide. R 
represents the ribose-pyrophosphate-adenosine 
moiety of DPN, or the ribose-pyrophosphate-2’- 
phosphoadenosine moiety of TPN. 


drogenases oxidizes aldehydes to carboxylic acids 
or acyl derivatives. In such oxidations, H is 
removed from the carbonyl carbon atom. Thus, 
if acetaldehyde is labeled with D in position 1, 
this D is transferred to DPN when the acetal- 
dehyde is oxidized with acetaldehyde dehydro- 
genase. These experiments are possible because 
the transferred hydrogen is, so to speak, anchored 
at both ends, i.e. it occupies a stable, nonex- 
changeable position both in the alcohol or al- 
dehyde and in the reduced DPN. 

There are two hydrogen atoms at the para 
position of reduced DPN and, when one of these 
is a deuterium atom, the para carbon atom is 
asymmetric. Figure 2 shows diagrams of the two 
diastereomers of reduced monodeutero DPN 
or DPND. One diastereomer has the D on one 
side of the nicotinamide ring, the other contains 
D on the other side of the plane of the ring. We 
may inquire whether a given enzyme uses one 
side of the ring or the other, or both sides in- 
discriminately. 

When the monodeutero reduced DPN (or 
DPND), which is formed by enzymatic reduction 
with deuteroethanol, is reoxidized by acetalde- 
hyde in the presence of the same enzyme (yeast 
alcohol dehydrogenase), all the D is removed and 
retransferred to the ethanol. This shows that only 
one stereoisomer of DPND is formed in this re- 
action (4). We have called this particular stereo- 
isomer a-DPND; the other stereoisomer is 
8B-DPND. 

If it is convenient to introduce D chemically 
into an appropriate position on the substrate of a 
particular dehydrogenase, this labeled substrate 
may be used to show that the deuterium is trans- 
ferred to DPN, forming DPND. Figure 3 shows 
a diagram of a convenient procedure for deter- 
mining whether the DPND formed in this way is 
a-DPND or B-DPND. The DPND is simply 
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Fig. 2. The two diastereomers of DPND. 
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Fig. 3. Procedure for analysis. 


reoxidized by pyruvate in the presence of lactic 
dehydrogenase (5). This reaction has been shown 
to remove all H or D from the a-position and 
to transfer it to lactate, which is isolated as its 
phenacyl derivative. All the H or D in the 
B-position is retained in the nicotinamide moiety 
of DPN. The DPN is hydrolyzed to nicotin- 
amide, Determination of the D content of the 
phenacyl lactate and of the nicotinamide then 
gives the amount of D present on the a- or B- 
side of the reduced pyridine ring of the DPND. 

An alternative procedure’ for determining the 
steric specificity of a particular dehydrogenase 
reaction for DPN involves initial incorporation 
of D into the para position of oxidized DPN. 
This is very conveniently done by treating the 
DPN with strong cyanide and alkali in D,O, a 
procedure devised by San Pietro (6). The deutero- 
labeled oxidized DPN or nicotinamide-4-p-DPN*t 
is then reduced with unlabeled substrate to give a 
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DPND containing D on the opposite side of the 
ring from that used by the enzyme. 

As a specific example of the outlined pro- 
cedures, we may take some experiments done with 
glucose dehydrogenase by Levy and Loewus 
(7). The equations below show a sequence of three 
reactions. These are carried out in succession, not 
simultaneously. First, the DPN is reduced 
enzymatically by glucose (eg. 1). Then the re- 
duced DPN is reoxidized enzymatically by 
pyruvate (eq. 2). The lactate formed is isolated as 


Glucose + DPN* — 
5-gluconolactone + DPNH + H* 


l 


Pyruvate + DPNH + Ht > 2) 
lactate + DPN+ 


(1) 








rc 


DPN?* — nicotinamide (3 

+ adenosine diphosphate-ribose , 
the phenacyl derivative which is analyzed for 
D. Finally, the reoxidized DPN is hydrolyzed to 
nicotinamide (eg. 3), which is also isolated and 
analyzed for D. Table 1 shows data obtained in 
two different experiments which differed only in 
the manner in which the D was introduced. In 
experiment 1, unlabeled DPN was reduced with 
glucose-1-D. In experiment 2, unlabeled glucose 
was employed to reduce DPN containing D at the 
para position of the nicotinamide ring. The 
results show that D at position one of glucose is 
transferred to DPN and retained in the nico- 
tinamide when the DPND is reoxidized enzy- 


TABLE 1. HYDROGEN TRANSFER IN 
GLUCOSE DEHYDROGENASE REACTION 

















a Dd. 
per Molecu': 
a Reductant Oxidant aay 
Lactate ~— 
1 /Glucose-1-D; |DPNt;unla- | 0.007/ 0.92 
1.01 atoms beled 
of D per 
molecule 
2 |Glucose; un- |Nicotina- 0.133) 0.00 
labeled mide-4-D- 
DPN?*; 0.136 
atom of D 
per mole- 
| cule 
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matically by pyruvate. If, on the other hand, the 
D is present initially in the DPN, it is trans- 
ferred to lactate. Both types of experiment lead 
to the same conclusion: that glucose dehydro- 
genase has the opposite stereospecificity from 
lactic dehydrogenase. Since the latter enzyme re- 
moves H from the a-side of DPNH, glucose 
dehydrogenase must add it to the #-side. 

The equilibrium point for the glucose dehydro- 
genase reaction is such that it is easy to reduce 
DPN with substrate. This is not always the 
case. For some dehydrogenase reactions, the 
equilibrium favors the oxidation of reduced 
DPN. The procedures most suitable for in- 
vestigating such a reaction may be illustrated by 
experiments carried out with glutamic dehydro- 
genase by Levy (8). The procedure and results are 
illustrated in equations 4 and 6. 


a-Ketoglutarate + NH; + a-DPND (0.92) 

— glutamate + DPNt (0.80) (4) 
a-Ketoglutarate + NH, + B-DPND (0.19) 

— glutamate (0.19) + DPNt+ (6) 


Experiments were performed both with 
a-DPND and with B-DPND. The former was 
made by reducing DPN enzymatically with 
labeled ethanol, the latter by reducing deutero- 
labeled, oxidized DPN with unlabeled ethanol. 
The figures in the equations give the atoms of 
D per molecule found on analysis. The results 
show that 6-DPND transfers all of its D to glu- 
tamate in the glutamic dehydrogenase reaction, 
whereas the D is retained in the DPN when 
a-DPND is oxidized by a-ketoglutarate and 
ammonia. The reaction obviously involves direct 
transfer of hydrogen and has 6-stereospecificity 
for DPN. 

Table 2 contains a summary of the steric 
specificities for DPN of the various DPN- 
linked reactions for which information is now \ 
available. It includes data obtained in other 
laboratories as well as in our own. Much of the 
work in our laboratory has been done by Frank 
Loewus. There are technical difficulties which 
increase the labor of determining the steric 
specificity with a high degree of accuracy, but for 
most of the reactions listed in the table, steric 
specificity is known to be complete within 90- 
97% and there is no reason to think that it may 
not be 100% complete. Table 2 does not include | 
two enzymes which have not shown a high? 
degree of steric specificity for DPN. These are 
milk xanthine oxidase, examined by Tchen and 
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TABLE 2. STERIC SPECIFICITY FOR DPN 











Steric 
Dehydrogenase Source ya —_- 
Ethanol’... 2.6504 Yeast a (4) 
Pseudomonas a (9) 
Liver a (8) 
Wheat germ — (10) 
Acetaldehyde. ....| Liver a (8) 
L-Lactate Heart muscle a (5) 
t-Malate ......5... Wheat germ a (11) 
Heart muscle a (12) 
p-Glycerate*...... Spinach a 
Dihydroorotate. ..| Zymbacterium a (13) 
oroticum 
a-Glycerophos- 
WOE Fes. ees Skeletal mus- B (8) 
cle 
3-Phosphoglycer- 
aldehyde........| Yeast B (14) 
Skeletal mus- B (14) 
cle 
Lt-Glutamate...... Liver B (8) 
p-Glucose. ....... Liver B (7) 
g-Hydroxysteroid . | Pseudomonas 8 (15) 
DPNH ecyto- 
chrome c........ Liver mito- 8 (16) 
chondria 
Heart muscle B (16) 
TPNH (transhy- 
drogenase)...... Pseudomonas B (17) 
L-8-hydroxybu- 
tyryl-CoA.......| Heart muscle 8 (18) 














* Unpublished experiments, Loewus and Staf- 
ford. 


Loewus in our laboratory (9) and diaphorase 
from heart muscle, examined by Weber e¢ al. 
(19) at the McCollum Pratt Institute. It is of 
interest that both of these relatively nonspecific 
enzymes are flavoproteins, that both of them 
cause an oxidation reduction between DPN and 
some of its analogues and that both show a 
preference (to the extent of 65% and 69%, re- 


-spectively), for using the 6-side of the pyridine 


ring. Furthermore, in both cases the reaction ex- 
amined was an unnatural one, in the sense that 
the oxidant for the reaction was not a naturally 
occurring substance. Table 2 includes two other 
flavoproteins with naturally occurring oxidants 
(cytochrome reductase and dihydroorotic de- 
hydrogenase) and these enzymes have shown a 
relatively complete steric specificity. 

Some of the enzymes examined, notably alcohol 
dehydrogenase, have been prepared from several 
different sources to see if the source of the enzyme 
makes any difference in steric specificity. We 
have yet to find a reaction for which the steric 
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specificity for DPN is source-dependent, though 
it is a well-known fact that other properties of the 
dehydrogenases may vary considerably with the 
source from which the enzyme is obtained. 

Most of the reactions examined for steric 
specificity have also been shown to involve a 
direct transfer of hydrogen, except for those 
cases where it is meaningless to examine the 
reaction for hydrogen transfer. For example, 
cytochrome c reductase can hardly be tested for 
hydrogen transfer to cytochrome, since reduction 
of cytochrome involves the addition only of an 
electron to the ferric iron of the prosthetic group. 
This enzyme is known to be a flavoprotein, how- 
ever. The reduction of a flavin involves the 
addition of two hydrogen atoms as shown in 
figure 4. It might be pertinent to inquire whether 
or not one of these hydrogen atoms was trans- 
ferred directly from DPNH to the flavin. It 
appears totally impractical to try to do this by 
isolating and analyzing the flavin for D, because 
the extra hydrogen on re ‘uced flavin is attached 
to nitrogen (or to O if ove writes the’ formula 
in the tautomeric form) and such hydrogen 
exchanges very rapidly with the medium. It 
would be possible to test for hydrogen transfer 
across flavin only if the system provided a kind of 
trap for the transferred hydrogen. Thus, if a 
flavoprotein has two different substrates, both of 
which contained stably bound hydrogen in the 
reduced form, then one might find that D could 
be passed from reductant to flavin to oxidant so 
rapidly that there was insufficient time for 
complete exchange with the medium. 

Most flavoprotein reactions do not satisfy the 
necessary requirements for making the above 
test, but three systems which appear to satisfy the 
requirements have been examined. One of these 
was the oxidation of acetaldehyde by DPN as 
catalyzed by xanthine oxidase. In a preliminary 
experiment, Tchen and Loewus found that 7% 
of this reaction appeared to take place with direct 
hydrogen transfer. The evaluation of the sig- 
nificance of this finding requires evidence, how- 
ever, that this 7% of the reaction actually oc- 
curred by way of the flavin and it has not been 
possible to devise any satisfactory way of doing 
this. Unfortunately, the milk xanthine oxidase 
employed was not homogeneous and the enzyme 
preparation was a very poor catalyst for the 
reaction in question, so that massive amounts of 
protein were used in the experiment. 

The oxidation-reduction reactions between the 
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pyridine nucleotides and their analogues, cata- 
lyzed by a number of different well-known 
flavoproteins such as diaphorase and cytochrome 
reductase, provide a group of systems with which 
hydrogen transfer across flavins might be tested. 
Kaplan and his associates at the McCollum Pratt 
Institute have discovered and studied these very 
interesting reactions (19-22). They have also 
used deuterium to determine whether any direct 
hydrogen transfer can be detected when 3- 
acetylpyridine DPN is reduced by DPNH in the 
presence of DPN-diaphorase. Their results in- 
dicated that all the extra hydrogen in the re- 
duced analogue is derived from the medium, that 
is, the reaction occurs with hydrogen exchange. 
Weber and Kaplan have also presented evidence 
which suggests that the interaction between 
DPND and acety]! pyridine DPN might not occur 
by way of the flavin, but by the reduction and 
reoxidation of some other group in the enzyme 
molecule. This conclusion is not certain, but if it 
should be correct, one may suspect that the 
chemical moiety in question does not contain non- 
exchangeable hydrogen in the reduced form. 

The third reaction which appears suitable as a 
test system for possible hydrogen transfer across 


HN—C=0 


O=C CH +DPNH+ H+ = 


HN—C 
COOH 
; (6) 
HN—C=0 
ae 
ee 
O=C CH: + DPNt 
Gar 
HN—C—H 
| 
COOH 


a flavin is the reaction catalyzed by dihydro- 
orotic dehydrogenase, shown in equation 6. 
With this enzyme the tests for hydrogen transfer 
were carried out before the enzyme was known to 
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| | Fic. 4. Reduction of flavin. 
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be a flavoprotein. Some years ago, John Graves 
made a search of the literature for DPN-linked 
reactions which did not involve alcohols or 
aldehydes, but nevertheless had substrates with 
which it might be feasible to demonstrate direct 
hydrogen transfer to and from DPN. At that 
time, the reaction catalyzed by dihydroorotic 
dehydrogenase was the only well-defined reaction 
fulfilling the necessary criteria. The adaptive 
enzyme obtained from the anaerobe Zymo- 
bacterium oroticum (23) has been used in the 
present studies. 

Examination of equation 6 shows that the 
oxidation ef the substrate involves removal of 
2 H atoms from adjacent carbon atoms, with the 
formation of a C=C double bond, rather like the 
reaction catalyzed by succinic dehydrogenase 
and certainly different from the oxidation of an 
alcohol or aldehyde. The equilibrium point favors 
the reduction of orotic acid to such an extent that 
the enzyme could properly be called an orotic 
reductase. Graves first performed control ex- 
periments to show that the hydrogen at position 
5 does not exchange rapidly with the medium in 
the course of the procedures employed in the 
other experiments. Then he oxidized DPND with 
orotate and examined the dihydroorotate for 
excess D. He used both a-DPND and 6B-DPND. 
In neither case could any trace of excess D be 
detected in the dihydroorotate. The sensitivity of 
the procedure was sufficient to detect 1% of the 
extra hydrogen if it had been deuterium. The 
stereospecificity of the reaction for DPN is a, as 
shown by the fact that all of the D was removed 
from a-DPND, but none from B-DPND. The 
absence of direct hydrogen transfer prompted 
Herbert Friedmann to undertake a purification 
of dihydroorotic dehydrogenase, with the 
thought that this might lead to identification of a 
prosthetic group. He has succeeded in demon- 
strating that this enzyme is, in fact, a flavo- 
protein. On the basis of these results and the 
established flavoprotein nature of succinic de- 
hydrogenase and of the acyl CoA dehydrogen- 
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ases, one may venture a prediction that all de- 
hydrogenations which involve removal of 
hydrogen from two adjacent carbon atoms to 
form a C=C double bond will be found to be 
catalyzed by flavoproteins. The converse of this 
statement is not true, however, i.e. flavoprotein 
oxidations do not necessarily form C==C double 
bonds even when there seems to be a good 
possibility for their doing so (24, 25). 

The TPN-linked dehydrogenases present a 
picture analogous to that of the DPN-linked 
dehydrogenases. Thus, the group at the Mc- 
Collum Pratt Institute have shown that the re- 
actions catalyzed by transhydrogenase from 
Pseudomonas (17) and by isocitric dehydrogenase 
(26) occur with direct transfer of hydrogen. In our 
laboratory, Babette Stern has examined the 
reaction catalyzed by glucose-6-phosphate de- 
hydrogenase. The procedure she employed was 
analogous to that used with glucose dehydro- 
genase and is outlined in figure 5. She prepared 
glucose-1-D-6-phosphate from glucose-1-D and 
ATP with hexokinase. When TPN was reduced 
enzymatically with this substrate, TPND was 
formed. The TPND was not isolated and an- 
alyzed as such, but was reoxidized by a-keto- 
glutarate and ammonia in the presence of 
glutamic dehydrogenase. The glutamate formed 
had about the same D content as the glucose used 
initially; that is to say, the D transferred to 
TPN from glucose-6-phosphate was again trans- 
ferred to glutamate, showing that the two 
enzymes have the same steric specificity. 

Since it operates almost equally well with 
TPN and DPN, glutamic dehydrogenase is a 
convenient enzyme for relating the configuration 
of the two pyridine nucleotides. One might 
assume this enzyme has £-stereospecificity for 
TPN, since it has 6-stereospecificity for DPN. 
Tokumasa Nakamoto has undertaken an ex- 
perimental verification of this assumption, to- 
gether with a determination of the stereospe- 
cificity of the isocitric dehydrogenase reaction. 
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The reaction sequence is shown in equations 7-10. 
D was first introduced into the para position of 


Isocitrate + TPN(D)*+ — 





(7) 
a-ketoglutarate + CO. + TPND 
TPND + a-ketoglutarate + (NH,)+ — s) 


i) TPN+ + glutamate 
TPND — DPND + Inorganic phosphate (9) 


— 


Pyruvate + Ht + DPND — (10) 
lactate + DPN(D)+ 


the nicotinamide moiety of oxidized TPN by 
the procedure of San Pietro (6). This labeled 
TPN was reduced with isocitrate (eg. 7). The 
TPND so formed was shown to transfer D to 
glutamate in the glutamic dehydrogenase re- 
action (eq. 8). This showed that isocitric de- 
hydrogenase has a stereospecificity opposite to 
that of glutamic dehydrogenase. Another portion 
of the TPND then was converted to DPND by 
enzymatic hydrolysis of phosphate from the 2’ 
position of TPND (eq. 9). This procedure should 
not affect the configuration of the reduced 
position in the nicotinamide. If the product is 
really B-DPND, it will not transfer D to lactate, 
but the D will be retained in the nicotinamide 
after enzymatic oxidation by pyruvate (eq. 10). 
Nakamoto has completed one experiment, in 
which he found that the D was retained in the 
nicotinamide of the DPN*. The provisional con- 
clusion is that glutamic dehydrogenase has B- 
stereospecificity for TPN as well as for DPN. 
Since the enzyme is available commercially, it 
provides a convenient reagent for analyzing other 
TPN systems. 

Table 3 summarizes the unpublished informa- 
tion obtained to date regarding the stereo- 
specificity of TPN-linked enzymes. All the re- 


6 — PHOSPHOGLUCOSE —I-D + TPN* —* 6—-PHOSPHOGLUCONATE + TPND 


Fic. 5. D Transfer from 6- (0.90) 





Phosphoglucose-1-D to Gluta- 
mate. Numbers represent atom 
of excess D per molecule, found 
on analysis. 


TPND + a—-KETOGLUTARATE+NH, —> TPN*t + GLUTAMATE 


| (0.840) 


NICOTINAMIDE 
(0.060) 
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TABLE 3. STERIC SPECIFICITY FOR TPN 
Steric 
Dehydrogenase Source Specificity 
Glutamate* Liver B 
Glucose-6-phosphatet Yeast B 
TPN-Glutathione Reduc- E. coli B 
taset 
Isocitrate* Heart a 


* Unpublished experiments, T. Nakamoto. 
{ Unpublished experiments, B. Stern. 


actions listed have already been mentioned 
except for glutathione reductase, which has been 
examined by Babette Stern. 

One of the objectives of the present work has 
been to obtain some specific information relating 
to the mechanism of action of an important group 
of enzymes. Another objective has been slanted 
in a more biological direction. Both objectives 
may be served by accumulation of information 
regarding the steric specificities of the DPN and 
TPN-linked dehydrogenases. 

On the more biological side, this information 
may be of interest in connection with the coupling 
of the various dehydrogenase reactions. It is 
becoming increasingly apparent that in spite of 
the ease of dissociation of the pyridine nucleotides 
from the ‘apoenzymes’, there is not a well-mixed 
pool of DPN and TPN in the cell from which all 
the various dehydrogenases draw a supply of 
oxidized and reduced pyridine nucleotide. Let us 
examine a specific example. The final step in 
glycolysis is a reduction of pyruvate by DPNH. 
This DPNH could conceivably be formed by 
any ef a variety of reduction reactions, all 
supplying DNPH to a pool of pyridine nucleo- 
tide. But Cori et al. (27) have shown that DPNH 
bound to triose phosphate dehydiogenase is a 
more effective reductant for pyruvate than is 
free DPNH. Nygaard and Rutter (28) and 
Astrachan et al. (29) have amplified these 
observations. One may visualize a situation in 
which the DPN occupies a position between two 
proteins and acquires H from the substrate of 
one and passes it on to the substrate of the other 
without ever dissociating completely from either 
protein. It is of interest in this connection that 
triose dehydrogenase has 8-stereospecificity for 
DPN and lactic dehydrogenase has a-stereo- 
specificity, because, as Velick (30) first pointed 
out, it is difficult to visualize the geometry of this 
favored coupling phenomenon unless the two 
dehydrogenases use the opposite sides of the 
nicotinamide ring. Figure 6 shows a diagram of a 
possible change in the conformation of the nico- 


FEDERATION PROCEEDINGS 


Volume 17 





He H, He H, 

Hx ‘a He 
hy 
N N N 


Fig. 6. Change in conformation of reduced 
nicotinamide ring. 


tinamide ring, which might also serve to assist 
the occurrence of favored coupling (8). This, of 
course, is purely speculative. 

One should guard against any illusion that the 
only factor affecting the facility of coupling 
between two DPN-linked reactions should neces- 
sarily be stereospecificity, but perhaps, in search- 
ing for favored couples, one might increase the 
chances of success if one looked for a-@ pairs. 
For example, one might guess that isocitrate is 
favored over glucose-6-phosphate as a reductant 
for oxidized glutathione, since isocitrate has 
a-stereospecificity for TPN, whereas glutathione 
reductase and _ glucose-6-phosphate dehydro- 
genase both have {-stereospecificity. Of course, 
the favored reducing system for GSSG might be 
an entirely different reaction, such as that cata- 
lyzed by malice enzyme. The steric specificity of 
this enzyme for TPN has not yet been deter- 
mined, but again we might venture a guess that 
it will be a because in all of the four other reac- 
tions examined, where hydrogen is removed from 

| 

a ae ei group which is adjacent to a car- 
boxy] group, the stereospecificity for the pyridine 
nucleotide has been a. This type of generalization 
can only be justified by the acquisition of more 
information. Further experiments can show to 
what extent stereospecificity may be correlated 
with any functional aspects of the enzyme reac- 
tion, or with any structural characteristics of the 
substrate, or with any chemical characteristics 
of the enzyme protein. It seems self-evident that 
some such correlation must exist. 
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OC. SCARCELY LESS INTEREST than the nature 
of the effect that a drug produces on a living 
organism is the variation of the intensity of that 
effect with time. Unless a drug produces irrepar- 
able damage to the organism, its action is only 
for a limited period of time. From the point of 
view of practical therapeutics this can be con- 
sidered a fortunate circumstance. In many thera- 
peutic applications only a brief action of a drug 
is desired. Whenever it is essential that the 
intensity of action of a drug be under continuous 
control, a relatively rapid process of termination 
of action must be in operation. Even when a 
therapeutic effect is to be maintained for the 
lifetime of a patient, a drug of indefinite persist- 
ence is not desirable since such a drug would 
allow no possibility of control over therapeutic 
or toxic effects. The length of time during which 
it is desirable for a drug to act depends upon the 
type of action and the particular therapeutic 
application. The duration of action of a drug is 
accordingly a factor of the greatest importance 
in determining the field of its clinical usefulness 
and its method of use. In this symposium the 
termination of the action of drugs will be con- 
sidered as a general problem. Since a comprehen- 
sive treatment of the subject cannot be attempted 
in the time available, the selection of the topics 
for discussion has necessarily been influenced by 
the interests and experiences of the particular 
individuals who are to participate. 

The processes that can terminate or diminish 
the action of a drug may be classified in two gen- 
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eral categories: those that involve elimination 
of the drug from the body and those that do not, 
Some of the more important processes under 
these two categories are listed in table 1. Of course 
the action of a drug may be terminated through 
the operation of a combination of two or more of 
these processes, the relative importance of the 
processes being determined by their rates. 

Only a few of the items in table 1 can be dis- 
cussed at any length in this symposium. Dr. 
Brodie is to speak on the inactivation of drugs 
through metabolic reactions. Dr. Seevers will be 
concerned with tolerance and related phenomena. 
In my discussion, which is to follow, I shall con- 
sider first some generalizations concerning 
elimination rates and then certain aspects of pul- 
monary and renal elimination. 


COURSE OF THE DISAPPEARANCE OF DRUGS 
FROM TISSUES 

Simple Exponential Decline. Before the specific 
processes by which drugs are eliminated from 
their sites of action are discussed, it may be well 
to consider some generalizations concerning the 
course of these processes. Regardless of whether 
they are eliminated through the lungs, through 
the kidneys, or by chemical attack, most drugs in 
the concentrations of practical interest disappear 
from the body at rates approximately propor- 
tional to the concentration in mixed venous 
plasma. If there is a state approximating equilib- 
rium between plasma and body tissues, the 
plasma. concentration, c, can be expressed as a 
simple expcvential function of time, t: 


c = ae*t, (1) 
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TABLE 1. PROCESSES TERMINATING OR 
DIMINISHING DRUG ACTION 


1. Processes Involving Elimination of the Drug 
From the Body 
Elimination of unchanged drug 
by the lungs 
by the kidneys 
by other routes 
Chemical conversion to inactive or less active 
products 
2. Processes not Involving Elimination of the 
Drug From the Body 
Tolerance, tachyphylaxis and related phe- 
nomena 
Redistribution within the body 
Drug antagonisms 
Antagonistic reflexes 
Regeneration of structures or substances 
damaged or destroyed by drug action 


The value of c¢ approaches zero asymptotically 
as ¢ increases, and from this equation alone no 
particular time can be designated as that at 
which ¢ can be considered to have become neg- 
ligible. For comparison of drugs with respect to 
their rates of elimination, it is convenient to use 
a terminology that has been applied to other 
exponential processes and speak of the ‘half-life’ 
of a drug, 2.e. the time at which half of the original 
dose remains in the body. If plasma and tissues 
have been equilibrated, this is equivalent to the 
time required for the plasma concentration to 
fall from some initial value to half that value. 
The time at which the presence of the drug in 
the body ceases to be of practical importance 
may be less than the half-life or it may lie far 
out on the asymptotic limb of the concentration- 
time curve. Examples of the latter situation are 
to be found with the organic iodine compounds 
used as x-ray contrast media. The presence of 
these compounds may be of practical interest for 
a very long time after dosage because they will 
interfere with the determination of protein-bound 
iodine so long as about one-thousandth of the 
original dose remains in the body. The most 
spectacular example of this effect has been re- 
ported by Astwood (1) for the x-ray contrast 
medium, Teridax. The half-life of this drug was 
estimated to be about 214 years. It would be 
expected to cause a significant error in the pro- 
tein-bound iodine determination for some 30 years 
after a single dose. So far as I am aware, this is 
the most persistent organic compound ever 
studied. 

There are circumstances under which the 
equilibration between plasma and tissues assumed 
in equation 1 is not approximated and under 
which the unequal rates of equilibration of differ- 
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ent tissues are of practical importance in ter- 
minating drug action. Two such situations will 
be discussed: first, that shortly after a rapid 
intravenous injection of a drug that is excreted 
or metabolized at a fairly slow rate and second, 
that shortly after the withdrawal of a drug that 
has been administered by way of the lungs and 
that will be eliminated by way of the lungs. 

Inequality of Equilibration Rates After 
Intravenous Injection. In the initial period after 
a rapid intravenous injection the proportion of 
the drug confined to plasma is higher than after 
equilibration with tissues is more closely ap- 
proached. The drug is leaving the plasma not 
only by elimination from the body but also by 
passage into tissues. The plisma concentration 
can be expressed, not by a single exponential 
term as in equation 1, but by a series of exponen- 
tial terms in which the exponents are functions 
of the rate constants for elimination of the drug 
from the body, for chemical destruction of the 
drug in tissues and for diffusion of the drug from 
plasma into tissues. In the rapid fall of plasma 
concentration in the period soon after the injec- 
tion, passage of the drug from plasma to tissues 
is a more important factor than elimination of 
the drug from the body. 

If a tissue equilibrates rapidly with plasma, the 
concentration of drug in that tissue will rise to 
high levels soon after the injection when the 
plasma. concentration is high. It will then fall 
rapidly when the plasma concentration is falling 
rapidly. The rapid disappearance of drug from 
the tissue during this early period is due in large 
part to the physical withdrawal of the drug from 
that tissue and its redistribution into other 
tissues that equilibrate more slowly with plasma. 
The time required for the concentration in the 
rapidly equilibrating tissue to decline from its 
maximal value to half that value may be much 
less than the half-life for the body as a whole. 
This phenomenon of redistribution within the 
body is the principal factor responsible for the 
brief action of the drugs now used as intravenous 
anesthetics (2), and it is probably of more im- 
portance than is generally realized in affecting 
the course of action of many other drugs that are 
administered intravenously. 

Inequality of Equilibration Rates After 
Withdrawal of Inhalation Agents. If a gas or 
volatile liquid has been administered by way of 
the lungs until the body is equilibrated with the 
concentration of drug in the inspired air and if 
the drug is then withdrawn, the concentration 
of drug in the blood leaving the lungs drops very 
rapidly. The ratio of the concentration in sys- 
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temic arterial blood just aiter withdrawal to 
that before withdrawal is approximately 
ACp/(ACp + Vp), in which X is the partition 
coefficient between whole blood and air, Cp is the 
pulmonary circulation in liters per minute, and 
7p is the effective pulmonary ventilation in 
liters per minute. If the value of \ is low, the 
concentration in arterial blood very rapidly falls 
to a small fraction of its initial value. Because of 
the abundant blood supply to the brain and the 
rapid equilibration of most anesthetics between 
blood and brain, the concentration of an inhala- 
tion anesthetic in brain will follow the concentra- 
tion in arterial blood more closely than will the 
average concentration for other tissues of the 
body. If the value of d is low, the concentration 
of drug in brain will fall to half its initial value 
in much less time than the half-life for the body 
as a whole as calculated below. For inhalation 
anesthetics with low values of X, the initial stage 
of recovery is very rapid and is affected only to a 
slight extent by the pattern of distribution in 
tissues other than the brain. 


ELIMINATION OF DRUGS FROM THE BODY 
BY THE LUNGS 


A comprehensive mathematical treatment of 
the elimination of chemically inert gases by way 
of the lungs is to be found in the review by Kety 
(3). All that will be presented here is a simplified 
calculation of the half-life of a drug eliminated 
by the lungs and a discussion of how this value is 
determined by physiological factors and physical 
properties of the drug. For a chemically inert 
substance eliminated by the lungs, the half-life, 
t, (in minutes) for the body as a whole is approxi- 
mated by the following equation, 


2 Vo(Vp + ACP) 


t = In V,>Cp : 


(2) 
in which Vp is the apparent volume of distribu- 
tion of the drug in liters calculated from the con- 
centration in whole blood (total amount in the 
body in grams divided by the concentration in 
whole blood in grams per liter) and in which X, 
Cp and Vp have the same significance as above.” 

In equation 2, Vp and Cp are measures of 
physiological functions of the body, whereas 
V, and X are quantities affected to some extent 


2 In the derivation of equation 2, the partition- 
ing of drug between air and blood is treated as if 
air and blood were flowing through the lungs at 
constant rates, full equilibration being attained 
between the two phases. 
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by the composition of the body but determined 
in large part by the physical properties of the 
drug. Equation 2 shows that a long half-life, 7.e, 
slow elimination, is associeted either with a high 
value of \ or with a high value of Vp (indicative 
of extensive localization in tissues). The principal 
interest in the elimination of drugs by the lungs 
is in relation to the inhalation anesthetics. Because 
of technical difficulties of measurement, the vol- 
umes of distribution of some of the commonly 
used inhalation anesthetics are not known with 
any accuracy. For ethyl ether in the dog Vp is 
approximately equal to the total volume of the 
body (4), and for cyclopropane in the mouse it is 
about twice the volume of the body (5). For 
most of the drugs used as inhalation anesthetics 
Vp is probably of the order of magnitude of the 
volume of the body. The great differences in the 
elimination rates of the inhalation anesthetics are 
due principally to differences in their values of 
d rather than to differences in their values of 
Vp. In table 2 are shown the calculated half-lives 
of several hypothetical drugs that are all assumed 
to have the same volume of distribution. The 
values of assigned to drugs B, C, D and E, 
respectively, are equal to those of ethylene, cyclo- 
propane or nitrous oxide, ethyl ether and ethanol. 
A gas with a value of \ as low as that of ethylene 
is eliminated almost as rapidly as it is possible 
for a gas to be eliminated. Even with a value of 
\ as high as that of cyclopropane or nitrous oxide, 
elimination is not much slower. When the value 
of is as high as that of ethyl ether, the half-life 
is much longer. If pulmonary elimination were 
the only process disposing of ethyl alcohol, about 
a week would be required to rid a man’s body of 
half the dose. 

In the preceding discussion it has been assumed 
that pulmonary ventilation and pulmonary 
circulation have fixed values. We shall now see 
how the pulmonary elimination of drugs is 
affected by changes in these physiological func- 
tions. The partial derivatives of the half-life with 
respect to pulmonary ventilation and with respect 


TABLE 2. HALF-LIVES OF SUBSTANCES 
ELIMINATED BY LUNGS 


Drug r Half-life 
min. 
A Infinitesimal 12 
B 0.1 13 
C 0.5 16 
D 15 135 
E 1300 10,600 (7.4 days) 


For all drugs Vp = 701., Cp = 41/min., Vp = 
6 1/min. 
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to pulmonary circulation are given by equations 
3 and 4, respectively. 


at VoaA 

Pry —In 2 va (3) 
ot Vp 

a —In 2 Gi: (4) 


The partial derivative with respect to pulmonary 
ventilation is a function of A, whereas that with 
respect to pulmonary circulation is not. 

In table 3 are calculated the values of these 
partial derivatives for a drug with a value ot A 
of 15 (equal to that of ethyl ether) and for a drug 
with a value of \ of 0.1 (equal to that of ethylene). 
For the drug with the high value of ) the half- 
life is changed much more by a change in 
pulmonary ventilation than by a change in pul- 
monary circulation. The absolute change in half- 
life with change in pulmonary circulation is the 
same for the two drugs. However, if these changes 
are compared with the values of the half-lives in 
table 2, it can be seen that the proportional 
change in half-life with change in pulmonary 
circulation is much greater for the drug with the 
low value of \ than for that with the high value. 
For the drug with the low value of \ the change 
in half-life with change in pulmonary ventilation 
is very small. For drugs with high values of A 
pulmonary ventilation is the limiting factor in 
elimination; for drugs with low values of \ cardiac 
output is the limiting factor. 


ELIMINATION OF DRUGS FROM THE BODY 

BY THE KIDNEYS 
A mechanism of elimination of more impor- 
tance than pulmonary elimination for most drugs 
is renal excretion. There are a number of different 
mechanisms by which the kidney can excrete a 
drug, and these different mechanisms result in 
widely different values of clearances and half- 
lives. For a drug eliminated by the kidney, the 
half-life, ¢, (in minutes) for the body as a whole is 

given by the following equation: 

vol. of distribution 
renal clearance 





t= In2 


TABLE 3. PARTIAL DERIVATIVES OF THE HALF- 
LIVES OF DRUGS ELIMINATED BY THE LUNGS 
WITH RESPECT TO PULMONARY VENTILATION AND 
WITH RESPECT TO PULMONARY CIRCULATION 


at at 
N OVP oCP 
min/1/min. min/l/min. 
15 —20.4 —3.1 
0.1 —-0.1 —3.1 


The values of Vp, Vp, and Cp are the same as 
those assumed in table 2. 
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The volume of distribution may be expressed in 
milliliters and the renal clearance in milliliters 
per minute. If both of these quantities are calcu- 
lated from the same plasma concentration, it is 
immaterial whether this is the total or the un- 
bound plasma concentration. 

In table 4 are calculated the half-lives of several 
hypothetical drugs with different distributions 
and different mechanisms of renal excretion. It is 
assumed that these drugs are excreted by a man 
with total body water of 50 liters, extracellular 
water of 15 liters, effective renal plasma flow of 
700 ml/min., glomerular filtration rate of 125 ml/ 
min. and urine flow of 1 ml/min. 

Drug A is :listributed in total body water and 
is reabsorbed by the renal tubule in the same pro- 
portion as water so that the concentration in 
urine is equal to that in plasma and the clearance 
is equal to the urine flow. This is approximately 
true for ethanol. The half-life of such a drug is 
24 days. If alcohol were eliminated only by renal 
excretion, it would persist even longer than if it 
were eliminated only by the lungs. 

The very slow excretion of substances that 
equilibrate completely between plasma and tubu- 
lar urine is to be emphasized. As water is re- 
absorbed from the renal tubule, most substances 
cannot diffuse across the renal tubular epithelium 
at as rapid a rate as water, and the final urine/ 
plasma. concentration ratio is greater than unity 
and the excretion more rapid than that of drug A. 
Some small, highly diffusible molecules such as 
alcohol reach almost complete equilibrium. Other 
drugs that have urine/plasma concentration 
ratios close to unity are compounds w th high 
lipid /water partition coefficients. This is a physi- 
cal property that apparently favors rapid passage 
across cellular membranes in general. For in- 
stance the more active barbituric acid deriva- 
tives are those with the highest lipid /water parti- 
tion coefficients, and they appear in the urine 
only in traces because renal excretion is a slow 


TABLE 4. HALF-LIVES OF SUBSTANCES 
ELIMINATED BY KIDNEYS 


Drug Vol. Dist. Clearance Half-life 
1. ml/min. 
A 50 1 24 days 
B 50 125 280 min. 
C 50 700 50 min. 
D 15 700 15 min. 
E 70,000 1 93 yr. 
F 70,000 700 49 days 


Volumes of distribution and renal clearances 
are calculated from unbound concentrations in 
plasma. 
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process relative to the metabolic reactions that 
these drugs undergo. Dr. Brodie will comment on 
metabolic reactions that introduce groups inter- 
acting with water and so change the physical 
property requisite for rapid reabsorption from 
the renal tubule. 

It is possible for a drug to appear in urine in a 
concentration lower than the plasma concentra- 
tion without the operation of any so-called active 
transport mechanism. For acidic drugs in acid 
urine and for basic drugs in alkaline urine, urine/ 
plasma concentration ratios less than unity are 
theoretically possible and in some cases have 
actually been observed (6). For example, the 
product of demethylation of trimethadione, which 
is an acid with a pK’ value of 6.1, may have 
urine/plasma concentration ratios as low as 
0.1 in acid urine. This extensive tubular reabsorp- 
tion with acid urine, together with its insus- 
ceptibility to metabolic attack, account for the 
very slow disappearance of this drug from the 
body (7). 

Drug B of table 4 is also distributed in total 
body water but is not reabsorbed at all by the 
tubule. The half-life is much shorter than that of 
drug A. Many drugs are partially reabsorbed by 
the tubules but in a proportion less than water. 
Their half-lives would fall between the values 
for drugs A and B. 

The most rapid mechanism of renal excretion 
is secretion by the tubules, and the highest pos- 
sible clearance is equal to the effective renal 
plasma flow. Drug C is distributed in total body 
water and secreted at the maximal rate by the 
tubules. Its half-life will be 50 minutes. Drug D 
is excreted by the same mechanism but is ‘is- 
tributed only in extracellular water. Its half-life 
is only 15 minutes. This is about as short a half- 
life as can be expected for a drug eliminated only 
by the kidney. 

If the drug is extensively bound to plasma 
albumin or if it is extensively localized in tissues, 
so that the unbound plasma concentration is very 
low, the rate of renal elimination can be extremely 
slow. Such a drug is quinacrine, which is exten- 
sively bound to albumin and extensively localized 
in tissues. The apparent volume of distribution 
of quinacrine calculated from the concentration 
in plasma water is of the order of that tabulated 
for drug E. If a drug so distributed were re- 
absorbed in proportion to water, its half-life 
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would be 93 years. Drug F has the same volume 
of distribution but with maximal renal clearance 
and its half-life is 49 days. The clearance of 
quinacrine is closer to the value of drug F than 
to that for drug E. The actual half-life of quin- 
acrine is about 1 week, but chemical destruction 
is a much more important factor in its elimina- 
tion than is renal excretion. The remarkable per- 
sistence of Teridax, which was mentioned earlier, 
appears to be due to its extensive binding to 
plasma albumin at low concentrations. The vol- 
ume of distribution calculated from the unbound 
plasma concentration is enormous and the half- 
life correspondingly long. 

The processes of elimination of unchanged 
drugs both by the lungs and by the kidneys vary 
tremendously in their rates. A drug may be 
largely eliminated in a matter of a few minutes 
or it may persist in the body for years. Relatively 
few drugs are eliminated from the body entirely 
or almost entirely unchanged. Most undergo 
some sort of chemicil change in the body. Like 
the processes of pulmonary and renal elimination, 
the processes of metabolic change also vary 
greatly among themselves in rate. In the termina- 
tion of action of a drug the relative importance 
of metabolic inactivation and elimination of 
unchanged drug will be determined by the rela- 
tive rates of the processes. Many drugs do not 
have sufficiently high vapor pressures to be 
eliminated at all by the lungs, but almost every 
chemical compound that can be used as a drug 
probably is excreted unchanged in the urine to 
some extent. However, if the rate of metabolic 
change is much more rapid than the rate of renal 
excretion, the amount of unchanged drug in the 
urine may be so small as to be of no practical 
importance or even so small as to be difficult to 
detect. 
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TERMINATION OF DRUG ACTION BY ENZYMATIC 
INACTIVATION 
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From the Laboratory of Chemical Pharmacology, National Heart Institute, National Institutes of Health. 
Bethesda, Maryland 


le TERMINATION of drug action was formerly 
attributed to the combined effects of urinary 
excretion and metabolic transformation. It is 
becoming increasingly evident, however, that 
urinary excretion is relatively unimportant in 
limiting the action of drugs, most of which must 
undergo chemical change before they can be 
excreted in appreciable amounts. Without bio- 
chemical mechanisms for the metabolism of for- 
eign compounds, much of present day drug 
therapy would be impractical since the action of 
most therapeutic agents would persist for too 
long a time. 

Numerous studies of foreign compounds have 
made it evident that a multitude of drugs are 
metabolized along a surprisingly few chemical 
pathways (1). The main pathways are: 

Oxidation—N - dealkylation, O - dealkylation, 
deamination, sulfoxide formation, aromatic 
hydroxylation, sidechain oxidation, alcohol oxida- 
tion, aldehyde oxidation. 

Reduction—Azo reduction, nitro reduction. 

Conjugation—Formation of glucuronides, ethe- 
real sulfates, mercapturates, acylation. 

Hydrolysis—Hydrolytic cleavage of esters and 
amides. 

Exchange reaction—C=S to C=O; P=S to 
P=O. Though there are other routes, the above 
apply to a majority of the drugs in common use. 

Considerable information has now accumulated 
concerning the enzymatic processes that carry 
out these metabolic conversions (2). This article 
briefly characterizes drug metabolizing enzymes 
and describes the species, strain and sex differ- 
ences which largely account for biological varia- 
tion in drug response. Evidence will be presented 
for the view that a number of these enzymes may 
be an evolutionary development that enables 
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terrestrial animals to dispose of lipid-soluble 
foreign compounds. 


OXIDATION BY ENZYME SYSTEMS IN LIVER 
MICROSOMES 


An important development has been the find- 
ing that many drugs are oxidized in liver micro- 
somes by enzyme systems having the unusual 
requirement of both TPNH and oxygen (2). 

N-Dealkylation. This reaction oxidatively 
removes N-alkyl groups to yield an amine and 
an aldehyde. There are at least two different 
enzyme systems in N-dealkylation; for instance, 
the system that removes methyl groups differs 
from that which removes higher alkyl groups (8). 


CH; 





4-Dimethylaminoantipyrine (Pyramidon) 


H,N—C==—=C—CH, 
Cc N—CH; 
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4-Diethylaminoantipyrine 


H.N—C C—CH; 








+ 2CH;CHO 


O-Dealkylation. Aromatic ethers undergo 
O-dealkylation to yield phenols and aldehydes. 
Here also there is evidence for more than one 
enzyme system. For example, p-ethoxyacetanil- 
ide and codeine are demethylated by different 
systems (4). 

m9 
| | 


N—C—C H; 


LV/ oe 
D 
C,H,0 


p-Ethoxyacetanilide (Phenacetin) 
nm. 
! 
N—C—CH; 
\Z 
og Yi 


HO 


+ CH;CHO 


Deamination. This reaction may be regarded 
as N-dealkylation in which the alkyl group is re- 
moved to yield ammonia and a carbonyl com- 
pound. It is catalyzed by a deaminase, which 
differs from monoamine oxidase, since it does 
not deaminate the monoamine oxidase substrates, 
norepinephrine or serotonin. Though present in 
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rabbit microsomes it is absent from a number of 
other mammalian species (5). 


CH.—CH—CH; 
| — 


NH, 
Amphetamine 


08008, 
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+ NH; 


Sulfoxide formation (6). Thioethers are not 
usually dealkylated in vivo, but are oxidized to 
the corresponding sulfoxide derivatives. Chlor- 
promazine, a phenothiazine derivative, is also 
converted to a sulfoxide (7). Sulfoxides may be 
further oxidized to sulfones, as methylthioaniline 
is metabolized in mice to the corresponding sul- 
fone (8). 
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Hydroxylation. This is a metabolic route for 
the metabolism of many aromatic structures (9). 
Recent studies indicate that different enzyme 
systems are required to insert a hydroxyl group 
in the different positions of an aromatic ring 
(10). Accordingly, it may not be possible to 
formulate rigid rules for ring substitution since 
the relative activities of the orienting enzymes 
will differ from one species to another. 
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1. ae 
a 
N—C—CH; 
ely 
Acetanilide 


Sidechain oxidation. Barbiturates and other 
important drugs are inactivated mainly by side- 
chain oxidation. Pentobarbital and thiopental 
oxidation occurs at both terminal and penulti- 
mate carbon atoms, the compounds being 
catalyzed by different enzymes (11). The pri- 
mary alcohols formed by oxidation at the termine! 
carbon atom undergo further oxidation to 
carboxylic acids by the action of enzymes in the 
soluble fraction of the cell (12). It is of particular 
interest that thiopental, but not pentobarbital, is 
oxidized to a small extent by the microsomes of 
rabbit kidney and brain (11). 
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General Comments on Oxidative Systems in 
Microsomes. A major difficulty in elucidating the 
nature of the drug microsomal reactions is the 
lability of the enzymes on subjecting microsomes 
to solubilization procedures. Nevertheless, the 
common requirements for TPNH and oxygen 
indicate that the various enzyme systems are 
closely related. The suggestion has been made 
that TPNH and oxygen are involved in the 
formaticn of an intermediate “hydroxyl” donor 
which in conjunction with a number of non- 
specific catalysts in liver microsomes transfers an 
hydroxyl group to the drug substrate (2). Ac- 
cordingly, dealkylation of an alkylamine may be 
written as follows: 





R—N—CH, — R—NCH.OH| ~ 
Unstable 
RNH, + HCHO 


OTHER TYPES OF OXIDATION 


Alcohol and aldehyde dehydrogenase. Alcohol 
and aldehyde dehydrogenases are important in 
the metabolism of foreign compounds which form 
an alcohol as an intermediate. Thus, p-nitro- 
toluene is first oxidized to p-nitrobenzyl alcohol 
by a TPNH dependent enzyme system in liver 
microsomes (12). 
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The alcohol is then oxidized successively to the 
aldehyde and the acid by the action of DPN 
dependent alcohol and aldehyde dehydrogenases 
located in the soluble fraction of the cell. These 
enzymes are presumably those also involved in 
the oxidation of the intermediate thiopental and 
pentobarbital alcohols to the corresponding 
acids. 

Aromatization of hydroaromatic compounds. A 
number of cyclohexane ring acids are converted 
in vivo to aromatic acids. For example, hexa- 
hydrobenzoic acid is metabolized to hippuric 
acid. Recently, the aromatization of hexahydro- 
benzoic acid has been described by the following 
sequence of reactions (13). 


hexahydrobenzoic acid + ATP + CoA — 
hexahydrobenzoiec acid-CoA 


hexahydrobenzoic acid-CoA -—  benzoyl-CoA 
benzoyl-CoA + glycine — hippuric acid 


Activity is observed in guinea pig, rabbit and rat 
liver mitochondria, but not in mitochondria of 
cat, mouse, dog, monkey and man. 


REDUCTION 


Nitro-reductase 


oO 
| —_> 
on S—C—on 


p-Nitrobenzoic Acid 


( 
| 





) 
H.N -—O-—OH 


Azo-reductase 


Azobenzene 
a. 


These reactions, which occur mainly in liver, 
are catalyzed by flavo-proteins which require 
TPNH as a hydrogen donor (14, 15). Never- 
theless, nitro- and azo-reductase are different 
enzymes and can be separated by ammonium 
sulfate fractionation. Azo-reductase is active 
under aerobic conditions, whereas nitro-reductase 
is relatively inactive in the presence of oxygen. 
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This probably explains why nitro compounds 
are reduced at such a slow rate in vivo. A nitro- 
reductase different from that in mammals is pres- 
ent in intestinal bacteria (16). This is a factor 
which must be considered when nitro com- 
pounds are given orally since the nitro reductase 
of E. coli is not inhibited by air. 


HYDROLYSIS 


De-esterification. Procaine and a number of 
other esters are hydrolyzed mainly by the action 
of a plasma esterase (17). Other drugs, including 
meperidine (Demerol) are split by hydrolytic 
enzymes in liver microsomes (18). There is evi- 
dence that a considerable number of esterases in 
the body can metabolize foreign esters. 
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Deamidation. Amides are split by the action of 
amidases in liver homogenates, but the reaction is 
slow compared to the hydrolyses of esters. 
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CONJUGATION 


A number of foreign compounds conjugate 
with normal substrates to form glucuronides, 
ethereal sulfates, mercapturic acids, amino acid 
conjugates or acetylated amines. 

Glucuronide formation. This is an important 
pathway in the metabolism of phenols, alcohols, 
and carboxylic acids. Recently, the formation of 
N- and S-glucuronides has also been reported 
(19, 20). 

The mechanism of glucuronide formation is 
now almost completely unraveled (21). Enzymes 
in the soluble fraction of liver produce an active 
form of glucuronic acid, uridine diphosphate 
glucuronic acid (UDPGA), as follows: 


Glucose-1-phosphate + UTP — 
UDP-glucose + PP 


UDP-glucose + DPN — UDPGA + DPNH 


An enzyme or enzymes in liver microsomes 
catalyzes the transfer of glucuronic acid from 
UDPGA to the drug substrate. 


UDPGA + phenol — 
phenyl glucuronide + UDP 


Sulfate conjugation. This pathway is not 
limited to phenols and has been demonstrated for 
aromatic amines which form sulfamates (19). 
The first step is the production of ‘active sulfate’ 
in the soluble fraction of liver as follows (22): 
80; + ATP > 

adenosine-5’phosphosulfate (APS) + PP 
APS + ATP > 
3’-phosphoadenosine-5’-phosphosulfate (PAPS) 
+ ADP 


An enzyme also present in the soluble fraction 
transfers sulfate from PAPS to a phenol or an 
amine. 


Phenol + PAPS — pheny! sulfate 


S nae tag | 
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Acylation. Acylation involves the conjugation 
of a carboxylic acid and an amine, either of which 
may be the foreign compound. Thus, with 
sulfonamides and other foreign amines (23): 


Acetyl-CoA + sulfanilamide — 
acetylsulfanilamide 


Foreign acids such as benzoic and phenylacetic 
also form active CoA derivatives and the acyl 
radical is then transferred to glycine by the 
action of an enzyme present in kidney and liver 
mitochondria (24). 


Benzoyl CoA + glycine — hippuric acid 


Mercapturic acid conjugation. Aromatic com- 
pounds are metabolized to mercapturic acids in 
several ways (1): 

a) A labile nitro group on the aromatic ring 
may be replaced by an acetylcysteinyl group. 


Pentachloronitrobenzene — 
N-acetyl-S-(pentachlorobenzyl) cysteine 


b) An active halogen on an aromatic ring or 
an alkyl sidechain may be replaced. 

Benzylchloride — N-acetyl-S-benzylcysteine 

c) A nuclear hydrogen atom on an aromatic 
ring may be replaced. 


Naphthalene — N-acetyl-S-(napthyl) cysteine 


The enzymatic mechanisms are not yet known. 
Apparently, cysteine is introduced by a peptide 
donor after which acetylation occurs (25). 


MISCELLANEOUS TYPES OF DRUG 
METABOLIC PATHWAYS 


Dehalogenation. Halogenated compounds can 
lose halogen in several ways. 

a) The replacement of active halogen by an 
acetylcysteine group to form a mercapturate has 
already been discussed. 6) Compounds like 
dichloro- and dibromomethane may be enzy- 
matically dehalogenated by liver to yield form- 
aldehyde and halide ions (26). In some aliphatic 
compounds the chloride is liberated non-enzy- 
matically by interaction with sulfhydryl com- 
pounds (27). c) Dehydrochlorinatior as in the 
conversion of DDT to DDE (28). 
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Recent work showing that hexachloroethane is 
converted to a variety of products in the rabbit 
indicates that there are additional pathways for 
removing halogen (29). 

Replacement of sulfur by oxygen. A sulfur atom 
may be replaced by an oxygen atom. For ex- 
ample, thiopental is converted in part to pheno- 
barbital by rat liver (80). The pharmacologically 
inactive parathion is converted to the potent 
cholinesterase inhibitor paraoxon (31). 


O—C:H; 
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The enzyme that catalyzes this reaction is 
present in rat liver and requires DPN and O:. 
BIOLOGICAL VARIATION 

Species Differences. Species variation in drug 
response is of concern to the pharmacologist, 
who must decide, on the basis of animal studies, 
which drugs to try clinically. Some differences are 
qualitative in nature; for example, morphine 
depresses man, dogs and rats, but stimulates 
cats, horses and goats. Fortunately for drug 
development programs, most species differences 
are in the duration of drug action. Since the 
extraordinary variation among species is some- 
times not appreciated, a few of our own ex- 
periences are given. 

In a study of the physiological disposition of 
meperidine (Demerol) we administered 20 mg of 
drug per kg intravenously to a dog. Since this 
huge dose of drug was expected to elicit profound 
effects including loss of breathing, we were pre- 
pared to furnish emergency artificial respiration. 
The drug was infused over a period of 20 minutes, 
following which, to our discomfiture, the dog 
jumped from the table and strolled away. The 
reason for the narcotic’s insignificant action in 
dog lies in the extraordinarily rapid rate of bio- 
transformation, about 90% per hour. 

The potent non-steroidal anti-rheumatic drug, 
phenylbutazone (Butazolidin), is metabolized 
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slowly in man, about 15% per day. In mice, 
guinea pigs, rabbits, dogs and horses, however, it 
is completely metabotized within a few hours. It 
is not surprising, therefore, that the anti-rheu- 
matic action of this compound was first observed 
in man, since in rats it is so rapidly metabolized 
that relatively enormous doses are required to 
induce an anti-inflammatory effect. 

Another illustration of species difference is seen 
with ethyl biscoumacetate (Tromexan), a 
structural analogue of Dicumarol. This compound 
was introduced as a safer anticoagulant on the 
basis of its rapid metabolism compared to 
Dicumarol. Fortunately, this information was 
first obtained from studies in the rabbit, an 
animal which metabolizes the drug at the same 
rate as man. But this was sheer coincidence since 
the drug is metabolized in man and rabbit along 
different pathways, in man by hydroxylation of 
the aromatic ring, and in the rabbit by de 
esterification. 
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In contrast, the dog inactivates the drug by the 
same reaction as does man, but so slowly that if 
the compound had been screened in this animal it 
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A dramatic though frustrating example d 
species difference was disclosed in looking for 4 
barbiturate that would be rapidly metabolized it 
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man. A long and arduous screening program TABLE 1. SPECIES DIFFERENCE IN METABOLISM OF 
HEXOBARBITAL, ANTIPYRINE AND ANILINE 


finally turned up a thiobarbiturate that elicited 
O 


VA 
H—N—C CH,CH=CH; 


S=C C 


H—N—C 
\ 


o| 
Br 


deep anesthesia and was metabolized extremely 
rapidly in dogs. But when the compound was 
hopefully administered to man it proved to be the 
most stable barbiturate we had ever studied— 
and the screening program came to a close. 

We have explored differences in drug metab- 
olism in a systematic fashion by comparing the 
rates of metabolism of hexobarbital, antipyrine 
and aniline in a number of species. A wide species 
variation is seen for the 3 drugs (table 1) (32). 
Comparing the extremes, the mouse metabolizes 
hexobarbital 20 times, and antipyrine 60 times as 
rapidly as man. Although the 3 drugs are metab- 
olized more rapidly in the mouse than in other 
animals, there is no clear-cut relationship be- 
tween species size and rate of biotransformation. 

The relationship between the response and the 
rate of disappearance of a drug was investigated 
with hexobarbital because the duration of action 
of this drug is easily determined. A striking 
correlation between ‘sleeping time’ and _ the 
biologic half-life is manifest (table 2) (32). For 
example, hexobarbital disappears so rapidly in 
the mouse that the effect of 100 mg of drug per kg 
lasts only a few minutes, while in the dog the drug 
has a long half-life, and an action that persists 
for many hours. 

By measuring the oxidation of hexobarbital by 
isolated liver microsomes, the activity of the 
hexobarbital enzyme system was shown to be 
inversely related to the duration of drug action. 
For example, the activity in mouse microsomes 
is about 17 times that in dog microsomes. Thus 
species difference in duration of hexobarbital 
action can be expressed mainly in terms of the 
activity of a single enzyme system. Species dif- 
ferences with a number of other drugs can be 
similarly explained in terms of oxidative micro- 
somal enzymes. 

However, another factor is involved in the 
duration of hexobarbital action—the sensitivity 
of the target organ. It is particularly noteworthy 











Biologic Half-life in Minutes 
Species 
Hexobarbital Antipyrine Aniline 

Mouse 19+7 (12) | 1140.25 (6)| 3544 (6) 
Rat 140+54 (10)'141+44 (6) | 7141 (3) 
Guinea pig 110427 (5) | 45+8 (7) 
Rabbit 60+11 (9) | 68410 (7) | 35422 (6) 
Dog 260220 (8) |107+20 (8) (167466 (6) 
Man 360 600 














Figures in brackets refer to number of animals. 


TABLE 2. SPECIES DIFFERENCE IN DURATION OF 
ACTION AND IN METABOLISM 
OF HEXOBARBITAL 

















: : - |Plasma Level] Relative 
Te D Biol . 
Species | of Action | Half-life |Hezobarbital | Enzyme 
min. min. ug/ml pg/gm/hr. 
Mouse (12)} 12+8 19+7 89+31 5984-184 
Rabbit (9) | 49412 | 60411) 57412 196+28 
Rat (10) 90+15 | 140+54) 64+8 134+51 
Dog (8) 3154105) 260420) 193-4 36+30 
Man 360 ate 








Dose of barbiturate 100 mg/kg for mouse, 
rabbit, rat and 50 mg/kg for dog. Figures in 
brackets refer to number of animals. 


in this respect that mice, rats and rabbits recover 
the righting reflex at plasma levels of about 60 7 
of drug per ml, while the effect in dogs and man 
persists until the levels decline to about 20 y 
per ml (table 2). 

Sex Differences. Female rats are more sus- 
ceptible than males to a number of drugs in- 
cluding barbiturates. When rats receive 100 mg 
of hexobarbital per kg, females lie dormant four 
times longer than the males and correspondingly 
metabolize the drug much more slowly. In accord 
with this finding, the activity of the hexobarbital 
metabolizing enzyme system of females is inferior 
relative to that of males (table 3) (82). Both 
sexes awake at about the same drug plasma level, 
an observation which indicates that variability in 
central nervous system sensitivity is not a factor 
in the sex difference. 

To investigate whether thé observed sex dif- 
ferences may be related to the effects of sex 
hormones, male rats were given estradiol and 
female rats testosterone for several weeks before 
administration of a dose of hexobarbital. Estra- 
diol treatment elicited a marked increase in the 
‘sleeping time’ of males, a decrease in the rate of 
drug metabolism in vivo and a deterioration of the 
capacity of the liver microsomal system to 
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TABLE 3. SEX DIFFERENCE IN DURATION OF 
ACTION AND IN METABOLISM OF 
HEXOBARBITAL IN RATS 











| Plasma Relative 
Sex Sleeping Time | level at 60 Enzyme 
| minutes Activity 
Pies: es ee ee 
Female 90+15 (10) | 6548 134+51 
Male 22+5 (11) | 23+9 682+ 102 
{ 





Figures in brackets refer to number of animals 
in each series. 


metabolize hexobarbital. In contrast, treatment 
with the male hormone induced a decrease in 
sleeping time of females and an improved capacity 
to oxidize hexobarbital (32). 

Male rats at birth do not display a superiority 
in metabolizing barbiturates. Up to the age of 4 
weeks the response of both sexes to the drug is 
identical but at 5 weeks the superior performance 
of the enzyme in males is manifested by an 
abrupt decrease in the recovery time of males. 
The maximal difference between the sexes ap- 
pears in 6 weeks. It is suggested that a balance 
between the male and female sex hormones is 
important in determining the drug enzyme 
activity, and that this balance is upset in the 
male at puberty. 

It is curious that there is no sex difference in the 
duration of action of hexobarbital in guinea pigs 
and mice. Furthermore, the sex hormones do 
not elicit an appreciable change in the disap- 
pearance rate of the barbiturate in mice. 

Strain Differences. Inbred strains of rats may 
oxidize antipyrine at widely different rates. For 
example, the half-life is 114 minutes in the M-520 
strain compared to 282 minutes in the Buffalo 
strain. This suggests that heredity rather than 
environment may be the more important factor 
in determining the rate of drug metabolism. 
Similar conclusions may be drawn from the wide 
variability observed in the duration of action of 
hexobarbital among several inbred strains of 
mice, compared with the remarkably uniform 
response by individual mice of a given strain 
(33). In contrast, members of a non-inbred strain 
vary considerably in their reaction to the drug. 

Since man is a remarkably heterogeneous 
species, it is not surprising that the rate of 
metabolism of a given drug differs greatly from 
person to person. Two revealing examples of this 
are seen in the metabolism of ethyl biscoumac- 
etate (Tromexan) and Dicumarol, which show 
a tenfold variation in rates of metabolism in 
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different individuals. The diversity of therapeutic 
and toxic responses to these anticoagulants, a: 
well as to other drugs, is presumably due largely 
to individual differences in the activities of the 
metabolizing enzymes. This biochemical vari- 
ability is a major difficulty in drug therapy and 
may be an important factor in explaining why 
the same dose of drug given to various indi- 
viduals may cure, poison, or have virtually no 
effect whatsoever. 

Why Drugs are Metabolized. The reason why 
most drugs must undergo chemical modification 
before they can be excreted in more than minor 
amounts becomes clear when the structure of the 
kidney is considered. Glomerular filtrate flows 
down tubules lined with epithelial cells, the 
walls of which may be considered to form a con- 
tinuous membrane with lipoid characteristics 
(34). Most drugs are weak organic electrolytes 
and are passively reabsorbed as the lipid-soluble 
non-ionized moiety. For this reason, tubular 
reabsorption is virtually complete for many 
drugs; for example, less than 1% of administered 
thiopental is excreted unchanged. Lipid soluble 
drugs would remain in the body almost in- 
definitely if the organism did not have ways of 
letting them escape into the urine as less lipid- 
soluble derivatives.! 

The difficulty of excreting lipid-soluble com- 
pounds presents the so-called ‘detoxication 
mechanisms’ in a different light. They may better 
be regarded as mechanisms for transforming 
nonpolar foreign compounds into readily ex- 
cretable polar substances. On the whole the term 
‘detoxication’ has proved a useful one since con- 
version products generally have less pharma- 
cological activity for at least two reasons—they 
are excreted more rapidly and their decreased 
lipid solubility prevents them from passing 
cellular barriers and reaching a potential site of 
action. A number of rather fruitless arguments 
have been leveled against the term because 
occasionally a metabolite is more toxic than the 
parent compound. However, enzyme systems 
sannot be expected to make on-the-spot decisions 
based on an unforeseen toxicity of drug metab- 
olites. Rather, in catalyzing the conversion of 
foreign compounds to more polar derivatives 


1 Exceptions to this pattern are certain rela- 
tively strong bases (tetraethylammonium and 
tolazoline) and acids (phenol red and p-amino- 
hippuric acid) which are eliminated not only by 
glomerular filtration, but are secreted by special 
tubular mechanisms. 
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they may unmask or produce a radically different 
functional group. An example of uamasking a 
functional group is seen in the metabolism of 
prontosil, a compound inactive in vitro. In the 
body, reductive cleavage of the azo linkage un- 
masks the p-amino group and results in the aniti- 
bacterial substance, sulfanilamide (15). An 
example of creating a new functional group is 
seen in the metabolism of the inactive insecticide 
parathion to a powerful cholinesterase inhibitor 
by conversion of P=S to P=0O (81). 

Normal Role of Drug Enzymes. At one time we 
shared the commonly held belief that foreign 
compounds are structurally related to substances 
normally present in the body and therefore are 
metabolized by enzymes of intermediary metab- 
olism. We first questioned this thesis when it 
became evident that time and again the body 
could change compounds it had never ‘seen’ 
before. A striking property of most enzymes of 
intermediary metabolism is their specificity; not 
only do they accelerate chemical processes, but 
they direct them along strictly determined 
channels. They can perform this essential func- 
tion by being specific, and a given enzyme usually 
can catalyze only a small range of reactions— 
sometimes only a single reaction. The well-being 
of the organism depends on the specificity of its 
enzymes and a normal body function might soon 
be overwhelmed if foreign compounds acted on 
enzymes of intermediary metabolism. 

In addition to their low degree of specificity, a 
number of other properties of drug enzymes set 
them apart from the enzymes of intermediary 
metabolism. For example, normal substrates with 
chemical structures similar to those of foreign 
compounds are not generally acted on by the 
oxidative drug enzymes in microsomes despite 
their low specificity. Some insight into this ap- 
parent paradox is provided by the demonstration 
that of a variety of foreign compounds only those 
that have considerable lipid-solubility are 
oxidized by microsomes in vitro (3). This suggests 
that the microsomal oxidative systems are pro- 
tected by some sort of lipoid barrier which only 
fat-soluble substances can penetrate. A pro- 
tective barrier would explain why the microsomal 
enzymes do not catalyze the hydroxylation of 
L-tryptophan, L-phenylalanine, kynurenine, an- 
thranilic acid and phenylacetic acid, which are 
lipid-insoluble and are hydroxylated by quite 
specific enzymes in other parts of the liver cell 
(9). Similarly, sarcosine and demethylglycine are 
not demethylated by liver microsomes, but are 
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dealkylated by other enzyme systems in mito- 
chondria (3). 

Another significant property of enzymes that 
metabolize foreign compounds is their inhibition 
by SKF 525-A. This substance has little direct 
pharmacological activity of its own but prolongs 
the action of a variety of drugs by inhibiting 
their rate of metabolism (35). It blocks a number 


C2H; 





—C—C—0--CH,CH;—N 
| 


CH.CH.CH, C.H, 
of microsomal reactions including N-demethyla- 
tion, sidechain oxidation, deamination, hydroxy- 
lation and ether cleavage. 

The inhibition also affects non-oxidative re- 
actions, for example, the formation of morphine 
glucuronide and the de-esterification of procaine. 
It even blocks the function of a soluble enzyme, 
nitro reductase, indicating that the action of 
SKF 525-A is not a physical one on microsomes, 
but is presumably a true enzyme inhibition. 
Although SKF 525-A inhibits the metabolism 
of many drugs, it has little effect on a number of 
enzyme systems in intermediary metabolism (2). 

An additional peculiarity of the drug metaboliz- 
ing enzymes is the augmentation of their activity 
by polycyclic hydrocarbons like 3,4-benzpyrene 
and 3-methylcholanthrene (36). These substances 
when given to weanling rats produce a rapid 
increase in the ability of liver microsomes to 
oxidize certain foreign compounds, for example 
dimethylaminoazobenzene. Incubation of liver 
preparations with these hydrocarbons does not 
elicit an increase of the oxidation activity in 
vitro. The hydrocarbons may trigger a mechanism 
leading to increased protein synthesis, with a 
selectivity directed primarily towards enzymes 
that metabolize foreign compounds, since the 
activity of a number of microsomal enzymes of 
intermediary metabolism is not affected. 

Since drug metabolizing enzymes differ in a 
number of respects from the usual catalysts of 
intermediary metabolism, it is worthwhile enter- 
taining the possibility that they were developed 
in the process of evolution to converi foreign 
compounds into more polar derivatives. .Lipid- 
soluble food substances not utilized by the body 
would accumulate and upset normal body func- 
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tion unless some way were achieved of increasing 
their urinary excretion by decreasing their lipid 
solubility. According to this concept, a drug is 
similar to a class of foreign compounds to which 
the organism has always been exposed. 

How did these peculiarly non-specific catalysts 
arise in the first place? Seeking a clue to this 
problem, we studied drug metabolism in lower 
animal forms. Several varieties of perch, trout, 
carp and bass have liver microsomes which, un- 
like the microsomes of mammals, fail to de- 
methylate aminopyrine or N-methylaniline, to 
hydroxylate hexobarbital or to split the ether 
linkage of p-ethoxyacetanilide. But they do not 
need to oxidize these compounds since these 
readily permeate the lipoidal membrane of the 
gills and are excreted unchanged. In fact, the 
drugs can also penetrate into the animals from 
the surrounding water. 

Frogs (R. pipiens and R. esculenta) and aquatic 
salamanders (S. necturus) also lack the means of 
metabolizing the above compounds but, instead, 
excrete them unchanged through their skins. The 
lipoidal character of the frog skin is also demon- 
strated by ready permeation into frogs of drugs 
dissolved in the surrounding water. 

It could be said, therefore, that lipid-soluble 
foreign compounds do not pose a problem to 
aquatic animals since these creatures eliminate 
them through the gills or skin to be washed away 
by the surrounding aqueous medium. 

It is probable that the oxidative disposal 
systems were developed in the transition of 
water-living to land-living. The first land animal 
had to evolve ways to conserve water and there- 
fore relinquished the moist semipermeable skin 
of amphibia for the scaly skin of the reptile. 
Another way of disposing of non-polar foreign 
compounds had to be developed. The problem was 
solved for reptiles by development of biochemical 
mechanisms for oxidizing foreign compounds to 
polar metabolites which can be excreted by the 
kidney. Microsomes of alligators and tortoises 
contain enzymes that demethylate foreign al- 
kylamines in the presence of TPNH and oxygen. 
Enzyme systems with these requirements are 
apparently a legacy passed on to birds and to a 
large variety of mammals. 

Reptiles are not the only animals that success- 
fully emerged from the sea. For instance, am- 
phibia have developed into toads, land-dwelling 
animals having skins which can conserve water. 
In these creatures the enzymes which oxidize 
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foreign compounds presumably developed along a 
different path from those in reptiles. For instance, 
B. marinus, B. fewleri and B. americanus oxidize 
aminopyrine, hexobarbital and other drugs, but 
by quite different mechanisms than do mammals. 
The enzyme system that metabolizes amino- 
pyrine is present in the soluble fraction of the 
cell, appears to be a flavoprotein and does not 
require TPNH. Of considerable interest are toad 
tadpoles which are unable to oxidize these Crugs 
but, instead, excrete them through their skins. 
Thus in the metamorphosis of tadpoles to toads 
there is also a chemical metamorphosis—the 
development of enzymes to oxidize foreign 
compounds. It is probable that other amphibia 
will be found which spend considerable time on 
dry land and have evolved enzymes to metabolize 
foreign compounds. 

The conjugation of phenols to glucuronides and 
ethereal sulphates is an interesting story. Fish 
do not conjugate a-naphthol, phenolphthalein, 
8-hydroxyquinoline and p-nitrophenol in vivo. 
This conforms with published reports that fish 
are extraordinarily sensitive to foreign phenols 
and shun water containing traces of these sub- 
stances (37). Preliminary results suggest that a 
liver homogenate of perch does not form a 
glucuronide except in the presence of added 
‘active glucuronide’ (UDPGA) and that the 
failure of the fish to conjugate phenols may lie in 
its failure to form UDPGA. 

Glucuronide and sulfate formation appears in 
amphibia. Frogs, toads and salamanders form 
phenyl glucuronides and sulfates and excrete 
them through the kidney. It is significant that 
the tadpoles of frogs and toads do not conjugate 
phenols. 

‘Ontogeny recapitulates phylogeny’—is this 
true for drug enzymes also? We have found in 
fact that they do not show activity until a few 
days after birth. Preliminary results have shown 
the new-born of guinea pigs lack the drug oxida- 
tive systems in microsomes. We have confirmed 
the demonstration by Brown et al. (88), that 
new-born guinea pigs do not conjugate phenols. 
New-born of rabbits lack certain drug enzymes 
(personal communication from J. R. Fouts). 
These results are a probable explanation for the 
difficulties encountered in giving drugs to the 
new-born. 

Insects must also conserve water and would be 
expected to metabolize lipid-soluble foreign 
compounds. Many foreign compounds including 
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aminopyrine, amphetamine, chlorpromazine and 
hexobarbital, which are oxidized by mammalian 
liver microsomes, are metabolized extremely 
rapidly by crickets (A. domestica) and grass- 
hoppers. A study of the nature of these mecha- 
nisms is now under way. Other workers have re- 
ported that insects excrete phenols as glycosides 
(39). 

Studies with aquatic arthropods such as cray- 
fish and lobsters have shown that aminopyrine, 
amphetamine, chlorpromazine and hexobarbital 
are slowly metabolized. At first we were taken 
aback by these results since we fully expected 
these animals to dispose of foreign compounds 
through their gills. However, the gills of these 
aquatic animals do not have the characteristics of 
lipoid membranes. Crayfish are apparently un- 
affected after 24 hours immersion in a solution 
containing 0.1 % of thiopental and virtually none 
of the drug peneirates into the animals. In con- 
trast the drug readily penetrates into goldfish 
which die in a short time. 


COMMENT 


The traditional thesis that all drugs are acted 
on by catalysts of intermediary metabolism must 
be reconsidered in the light of studies which show 
that those lower forms of animals which dispose 
of lipid-soluble foreign compounds through a 
lipoidal membrane do not possess mechanisms for 
oxidizing them. Of course certain drugs with 
structures closely related to normal body sub- 
strates, the so-called antimetabolites, are usually 
attacked by the rather specific enzyme systems of 
intermediary metabolism in mammals and 
microorganisms alike. For example, 8-azaguanine 
and guanine are both deaminated to the cor- 
responding xanthines by the same enzymes 
(40), and 8-azaguanine utilizes the same enzyme 
systems as normal purines to form a pseudo- 
desoxyriboside (41). It is the ability of anti- 
metabolites to interact with biochemical mecha- 
nisms common to normal and cancer tissues that 
presumably accounts for their anti-cancer activity 
and for their general toxicity. 

Other enzyme systems of intermediary 
metabolism can catalyze a range of compounds 
and are so non-specific that they also catalyze a 
number of foreign compounds of a similar type. 
For instance aldehyde dehydrogenase not only 
oxidizes foreign aldehydes, but also aldehydes 
arising from the oxidative deamination of 
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normally occurring substrates like norepi- 
nephrine, epinephrine and serotonin (42). 

But the unusually non-specific microsomal 
enzymes that oxidize foreign compounds are an 
entirely different matter. They are present in land 
animals, but are absent in fish and certain 
amphibia. Some light is thrown on their origin by 
considering known changes in the evolutionary 
transition of animals from sea to land. Baldwin 
(43), has pointed out the intimate association of 
the problem of water conservation with the 
excretion of products of protein metabolism. In 
most aquatic animals, the end product of protein 
metabolism is ammonia. This toxic product is 
kept at a safe concentration by its rapid passage 
into a limitless volume of water through semi- 
permeable membranes. ‘Terrestrial animals, 
lacking access to large amounts of water, have 
developed enzymatic mechanisms to convert 
nitrogen to the less toxic urea or uric acid, 
which are excreted in the limited amount of urine 
produced by the kidney. 

It is probable that there is an analogous associ- 
ation of the problem of water conservation with 
the oxidation of foreign compounds to polar 
derivatives. A great number of lipid-soluble 
foreign organic compounds including alkaloids, 
terpenes and steroids present in food would 
accumulate in the body to toxic levels owing to 
their passive reabsorption through the kidney 
tubule unless mechanisms were present to dispose 
of them. It is probable, therefore, that the de- 
velopment of the microsomal oxidative enzymes 
is one of the many biochemical adjustments that 
made possible the emergence of animals onto land. 

Ideally ‘detoxication’ enzymes should be non- 
specific enough to take on any lipid-soluble 
foreign compound without depleting the body of 
essential substrates. The oxidative enzymes in 
microsomes seem well fitted for this role because 
they do not catalyze the oxidation of polar sub- 
stances. But some normal substrates are lipid- 
soluble and it would be asking too much of these 
enzymes to ignore these substances. It was there- 
fore of no surprise to learn that estradiol is 
oxidized by a microsomal enzyme system re- 
quiring TPNH and oxygen (44). It may well be 
that reactions of this type are wasteful rather 
than useful to the organism. 
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TERMINATION OF DRUG ACTION BY TOLERANCE DEVELOPMENT 
M. H. SEEVERS 
From the Department of Pharmacology, University of Michigan, Ann Arbor, Michigan 


O. THE THREE GENERAL METHODS of terminat- 
ing drug action discussed here today, elimination, 
metabolic inactivation and tolerance develop- 
ment, only the latter can be said to be uniquely 
fitted to assure homeostasis during prolonged 
exposure to a foreign chemical environment. 
Prolonged exposure does little to alter maximum 
rates of elimination. Whereas rates of degradation 
and conjugation may increase slightly and new 
mechanisms may be brought into play with time 
to increase metabolic inactivation, the percentile 
increase is comparatively small, at least in 
mammalian forms. With tolerance development, 
however, a state may be reached in which a 
challenging dose of a drug many, many times 
larger than that which evoked a maximum 
original response now produces no detectable 
effect. 

The phenomenon of tolerance might be viewed 
as a highly specialized and specific form of stor- 
age, differing only in that it develops at the site 
of pharmacologic action rather than occurring at 
some remote and physiologically inactive region. 
Be that as it may, it seems likely that we must 
be dealing usually with alterations which occur 
in the organism itself involving general processes 
of adaptation. Two broad categories may be 
considered. 

Genetic Adaptation and Physiolozical Adapta- 
tion. Genetic adaptation is typified by the resist- 
ance acquired in microorganisms following pro- 
longed exposure to microbicides. Individual 
mutants arise which can propagate themselves in 
a new environment to produce ultimately new 
and relatively stable genotypes which substitute 
for the old population. 

According to Szybalski and Bryson (1) the 
major question in this area appears to be, “Is 
drug contact required for this type of resistance 
to develop?” Expressed in a different way: ‘Does 
resistance arise as a result of an inductive effect 
of the drug acting upon sensitive cells (pheno- 
typic adaptation) or does it occur spontaneously, 
providing the drug an opportunity to select out 
pre-existing resistant individuals (mutation se- 
lection) ?”” 

Microbiologists have been divided into two 


ns ae 


opposing camps concerning these questions. I am 
not competent to discuss this field critically and 
will leave it with the following quotation from 
Szybalski and Bryson (1), “The present status of 
the controversy, therefore, is not to decide which 
hypothesis is correct. Rather it is to determine the 
applicability of mutation selection versus pheno- 
typic adaptation to specific experimental or 
clinical situations in which either process could 
theoretically occur, simultaneously or in se- 
quence. Conceptually, the two theories are op- 
posed, but operationally they may co-exist. At 
present the most ardent extremist would hardly 
dare to claim that all resistance comes about by 
way of either method. Yet in fairness we must 
admit that the rigorous demonstration of drug 
induced resistance is exceptional, notwithstand- 
ing the ingenious efforts of a minority of micro- 
biologists to prove otherwise?” 

Physiological adaptation may be said to occur 
when such mechanisms are brought into play as 
will permit an individual organism to adapt to an 
environment modified by the presence of a 
foreign substance (drug) without a concomitant 
alteration in its hereditary machinery. Upon 
return to the primal environment these adaptive 
changes usually disappear with considerable 
rapidity. Adaptive enzyme formation may be 
cited as an example as has been done by Mc- 
Elroy (2), “If one grows Neurospora in a medium 
which contains just sufficient zinc for maximum 
growth, in contrast to the normal medium which 
has excess zine, one finds that certain enzymes 
are greatly decreased or are missing completely 
while other enzymes may have increased twenty 
to thirty times their normal] concentration. All of 
these changes are rapidly reversible, however, 
when the organism is returned to the normal 
medium.” 

For any one organism, tolerance development 
is usually a fairly specific phenomenon both with 
respect to the organism and the drug. Schnitzer 
(3), who has had extensive experience with drug 
resistance in protozoa cites two interesting ex- 
amples. Whereas arsenic resistance is readily ac- 
quired by trypanosomes, it has thus far been 
impossible to produce drug resistance to antimony 
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(tartar emetic) in this protozoan. On the other 
side of the picture he points out that certain para- 
sites, notably spirochetes, retain their drug 
susceptibility and it is very difficult to develop 
drug resistance in these organisms. 

It is of considerable interest to note that 
whereas some resistance to herbicides is developed 
in plants the degree of resistance is not compara- 
ble to that obtained in animal organisms. It 
would appear that plant cells do not possess much 
capacity to resist at the cellular level and that 
the resistance which is acquired may be ascribed 
to poor absorption; failure of translocation or 
mobilization of the herbicide, to a reaction with 
nonactive sites or detoxification, or possibly to 
the absence of susceptible reaction sites (4). 

The insect apparently represents an organism 
in which both genetic and physiological adapta- 
tion play important roles. Chadwick (5) states, 
“Resistance is usually transmitted in inheritance 
by multiple genetic factors, and several types of 
physiological mechanism are involved. These in- 
clude changes in behavior and in the properties of 
the integument or other barriers, such that the 
chance of accumulating a lethal dose is dimin- 
ished. Within the body, the insecticide may be 
sequestered by storage, excreted in unchanged 
form, or metabolized to non-toxic materials. 
There is also evidence, in some instances, for a 
reduced sensitivity or accessibility of vital ac- 
ceptors, and for the development of alternate 
routes around functions that may have been 
blocked by the toxicant.” 

“Not all of these mechanisms are involved in 
any given resistance situation, but in examples 
that have been analyzed most intensively, such 
as the DDT resistance of house flies, it is ap- 
parent that two or more of these protective 
devices may be in operatior. simultaneously.” 

In the mammalian organism only physiological 
adaptation is known to occur. It is possible to 
define two general types of tolerance develop- 
ment with several subtypes of each and with 
many shadings between the extremes. 

A first typc, commonly called acute tolerance 
or techyphylaxis, is rapidly induced, may be 
complete, and is short lived. There is no bi- 
ological ‘overshoot’ when the receptor-drug com- 
plex is broken (6, 7). 

A second type, slowly developed, never com- 
plete but more persistent, involves such pro- 
found cellular disorganization that severe altera- 
tions of function occur when the receptor-drug 


FEDERATION PROCEEDINGS 


Volume 17 


complex is disrupted resulting in a condition 
which is generally defined as the ‘dependent’ 
state (8). 

The least complex of these types of. tolerance 
development, tachyphylaxis, will be discussed 
first since it more clearly represents a situation in 
which drug action is terminated when defined in 
terms of the overt pharmacologic response to a 
given quantity of a drug. This type of tolerance 
occurs quite readily in smooth muscle of many 
types, especially of the vasculature. Since time 
will not permit a more extensive review this type 
of tissue will be discussed as a prototype. Certain 
generalizations can be made concerning the char- 
acteristics of tachyphylaxis which although not 
without exception apply reasonably well. 

1) Tachyphylaxis may be induced in both iso- 
lated and intact tissue preparations by using, for 
example, either contractions of isolated aortic 
strips or modifications of mean arterial blood 
pressure as criteria of its development. 

2) Tachyphylaxis is readily developed to 
stimulants (sympathomimetic amines, histamine, 
acetylcholine, etc.) as well as to relaxants 
(nitrites, morphine). Present concepts suggest 
that this involves distinct relaxation and contrac- 
tion receptors both present in the same muscle 
cell. Furchgott (9) has obtained excellent support 
for the latter view in his finding that isopropyl- 
arterenol in low concentrations causes relaxation 
of aortic strips which had initially been placed in 
a state of moderate tone with low concentrations 
of epinephrine. 

8) The drug specificity of this type of acute 
tolerance is very high. This suggests the existence 
of a respectable number of different receptors of 
both the contraction and relaxation type. 
Furchgott obtained evidence for at least four 
different types of contraction receptors in iso- 
lated rabbit aorta when judged by the specificity 
of response to sympathomimetic amines, hista- 
mine, acetylcholine and serotonin. We have 
found acute tolerance to the depressor effects of 
morphine is specific for this substance and its 
congeners with no cross tolerance to nitrites or 
most other depressor materials. 

4) The cell or species specificity of tachy- 
phylaxis is also high. Hendershot (10) found that 
whereas complete tachyphylaxis to histamine 
could be readily induced in dog carotid strips it 
was practically nonexistent in rabbit aorta strips. 
While Paton (11) was unable to demonstrate 
tolerance to atropine in isolated guinea pig 
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ileum, Gray (12) always obtained tolerance to 
this substance in intact ileum of Thiry-fistula 
dogs. 

5) Complete tachyphylaxis resulting in com- 
plete termination of drug action can be readily 
obtained. 

6) Since tachyphylaxis can be developed to 
repeated subliminal doses it may be, theoretically 
at least, possible to dissociate its development 
from the actual contractile process. Gray demon- 
strated that atropine tachyphylaxis could be 
established easily by doses too small to elicit an 
overt resnonse. 

7) The site of the self blockade of the tachy- 
phylogenic drug and its specific antagonist is very 
likely the same. Atropine tachyphylaxis with 
subliminal doses is accompanied by loss of re- 
sponse to methacholine with concurrent rates of 
return of the sensitivity to the two substances. 
Simultaneous administration of morphine and 
N-allylnormorphine in appropriate ratios prevent 
the development of morphine tolerance in vascu- 
lar and other tissues (13). 

8) Since complete tachyphylaxis can be de- 
veloped either by accumulation of small doses or 
by a single large dose the concept of a finite 
number of receptors is developed, complete 
saturation of which results in complete tolerance. 
The studies of Winder e¢ al. (14) with the pheny]l- 
ethyl amines demonstrated this point nicely for 
the contraction type of receptor and those of 
Schmidt and Livingston (15a) with morphine for 
the relaxation type of receptor. 

9) No biological ‘overshoot’ occurs with this 
type of tolerance development when the receptor- 
drug complex is broken. This sharply separates 
this tachyphylactic type of tolerance develop- 
ment from that which will be discussed in the 
second category. 

In summary, the characteristics of this type of 
tolerance development suggest a comparatively 
simple, easily reversible, unipolar type of recep- 
tor-drug complex with possible surface orienta- 
tion which exerts an influence on the biological 
activity of the cell (produces a pharmacologic 
effect) at the time of receptor occupation. A fur- 
ther increase in dosage is ineffective when all re- 
ceptors are completely occupied. The ease of re- 
versibility (resensitization of the receptors) and 
the lack of biological ‘overshoot’ indicate that 
little, if any, cellular disorganization has oc- 
curred. The drug specificity and individual cell 
and species specificities of this type of tolerance 
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almost demand the concept of easily available 
and existent receptors. 

When a student presses for an explanation of 
tachyphylaxis he is usually referred to the litera- 
ture concerned with the so-called ‘receptor occu- 
pation’ theory of drug action. He almost invari- 
ably returns with the question “How can we 
explain both initiation and termination of drug 
action by the same mechanism?” This does pose 
something of a problem and the imagination re- 
quires a considerable stretching to conceive of a 
large number of ‘free’ receptors or potential bind- 
ing positions waiting patiently for a chemical 
mate. It is easier to imagine that attachment of a 
new chemical on a receptor site must involve not 
only displacement of something ordinarily capa- 
ble of occupying this site but also it must have a 
greater bond strength in order to effect such dis- 
placement. Viewed in a dynamic sense the new 
chemical with stronger bonds fixes itself more 
firmly and is less easily dislodged in the continu- 
ous coupling and uncoupling which must be 
normally operant. To take the final step one can 
postulate that displacement results in a cellular 
response, the pharmacologic effect. But how does 
tolerance fit into this concept? Since in the 
tachyphylactic state nothing happens when large 
doses are administered and i.0 ‘rebound’ response 
occurs when all of the drug is removed it seems 
logical to guess that: 

1) there are a finite number of receptor sites; 

2) they are ordinarily occupied by something 
which although needed to stabilize the cell 
can be temporarily or permanently replaced 
without affecting cell function except at the 
time of displacement; 

8) when all are replaced no further biological 
response can be initiated in this cell by in- 
crements in dose; 

4) reoccupation uf the receptor site by its 
normal occupant does not result in a ‘re- 
bound’ cellular response. 

Now only a few questions remain to be an- 
swered such as: a) the nature, number, number of 
types, position of the receptor, b) what ordinarily 
satisfies the bond, c) why one type of bonding in- 
creases and another decreases cell function, d) 
why displacement creates a disturbance of 
cellular activity whereas re-establishment of the 
original situation by removal of the new chemical 
does not. 

When the synthetic chemist asks the pharma- 
cologist to explain to him why tachyphylaxis 
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occurs to’ some drugs and not to others some of 
the stock answers to these questions are: lack of 
access to receptor sites; inadequate bond 
strengths; and poor stereochemical fit obviously 
based upon nothing more solid than the questions 
just raised above. 

To exploit our weakness further could serve no 
purpose. But despite all this if one chooses to in- 
dulge in speculation a fairly logical case, based 
upon teleology or evolution, as you choose, can 
be established for the view that this type of toler- 
ance is developed by means of a built-in homeo- 
static mechanism which is readily available for 
preventing on a day-to-day basis excessive re- 
sponses from a multitude of comparatively simple 
amines, amino acids, chemoeffector substances 
and other biologically active materials to which 
they are undoubtedly continuously exposed. This 
situation might be easily visualized to apply es- 
pecially to muscle cells which are in an almost 
continuous state of relaxation and contra: tion in 
response, not only to nervous influences, but 
also to changes in pH, oxygen and CO; tension, 
etc. A corollary of such a view and one which 
might explain to some extent the marked quanti- 
tative variation in response of the same type tis- 
sues from different animals would be that partial 
tachyphylaxis of some of these receptors is al- 
most a constant state. 

It can be said, therefore, that the acquisition 
of the type of tolerance just described being 
complete and finai actually does result in the 
termination of drug action. Now let us turn to 
something complex. 

It is characteristic that in the second given 
type of tolerance development, drug action, al- 
though greatly reduced in intensity, is never 
terminated completely since tolerance is never 
complete. Even when developed maximally it 
represents a temporary state of inactivity which 
exists so long as the receptor-drug complex is 
unbroken. 

This type of tolerance develops significantly in 
neuronal tissue and to the greater degree in ani- 
mals with maximum cerebral development, man 
and other primates, and to a lesser extent in other 
mammalian forms. Several subtypes of tolerance 
development occur in this general category. 

A. To morphine and morphine-like substances. 
This type may be characteracterized to be mod- 
erately rapid in onset, and although high-grade, 
is never quite complete. Although the initial rate 
of tolerance loss is rapid, some residual tolerance 
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may persist for a long period. Lack of overt 
response to the challenge drug persists only as 
long as the receptor-drug complex is unbroken. 4 
profound ‘rebound’ reaction, the abstinence syn- 
drome, occurs when the bond is interrupted. 

B. To alcohol, barbiturates and other hypnotics 
(15). It has also recently been described for 
massive doses of an acetophenedidin-antipyrine- 
caffeine mixture. 

Acquisition of tolerance to this class of drugs is 
low-grade, slow in development, always very in- 
complete and is lost with considerable rapidity, 
In contrast to morphine type » massive dosage 
regimen is necessary for its s.gnificant develop. 
ment and for the occurrence of physical depend- 
ence, the latter manifested primarily by the 
occurrence of hallucinatory and other psychic 
abnormalities and convulsions. 

C. To the amphetamines, mescaline and possibly 
caffeine (16). The general characteristics of this 
type of tolerance are very similar to those just 
described; slow onset, incomplete development, 
and rapid loss. Although no dependence is de- 
veloped, studies from our laboratory (16) show 
that by incrementation of dosage in the monkey 
a state may be reached where almost complete 
tolerance is acquired to 4 mg/kg of d-amphetamine 
administered every 6 hours. Initially 1 mg/kg in- 
duced marked excitation and motor unrest for 
many hours. After several months of uninter- 
rupted administiation this species can acquire 
sufficient tolerance to accept a dose of 16 mg/kg 
every 6 hours for several weeks. This is without 
doubt a certain lethal dose for the nontolerant 
animal. Man is also known to tolerate enormous 
quantities of the amphetamines. Although a cer- 
tain type of drug action—death in convulsions— 
is terminated by such tolerance development, 
other drug actions, general excitation, purposeless 
motor activity, and behavioral changes such as 
continual skin scratching and complete depilation 
suggestive of hallucinations of formication con- 
tinue throughout the 24-hour period. When 
abrupt withdrawal of these massive doses is 
instituted these signs continue with slow abate 
ment to return to normal activity in a period of 
10 days or more. This type of tolerance is com- 
paratively rare among central nervous system 
excitants, probably occurring to a greater or lesser 
extent to mescaline and possibly to a small extent 
to caffeine. It is so uncommon as to violate the 
ordinary dictum that sensitivity rather than 
tolerance is developed in the central nervous 
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system to most excitants, cocaine being a good 
example of the latter. It is sufficiently unique to 
raise the question as to whether this type of 
tolerance is actually developing in neuronal 
structures or in the vasculature which supplies 
such neuronal structures. Such a view correlates 
better with the absence of dependence develop- 
ment unless the continuation of activity for many 
days after abrupt withdrawal is so designated. If 
this is dependence it is a distinctly different type 
than that occurring with morphine. We have es- 
tablished clearly that amphetamines do not sub- 
stitute for morphine in morphine-dependent ani- 
mals. It is most unlikely that persistence of the 
drug in tissues accounts for the continuation of 
activity. Some would view it as a conditioned 
response. However it be viewed, dependence, a 
conditioned reflex or what not, it is obvious that 
a period of reorientation is necessary for the 
organism to return to its normal state. 

It seems to be fairly obvious that tolerance 
acquisition in neuronal structures involves a much 
more profound cellular reaction than that which 
occurs in simple tachyphylaxis. It is tempting to 
postulate that part of the apparent tolerance 
noted in the CNS occurs not in the neural tissue 
at all but in the vasculature which supplies these 
tissues as already suggested for the ampheta- 
mines. Support for such a view is noted in the 
identical rates of development of acute tolerance 
to the depressor and to the respiratory depressant 
effects of morphine. Even if this should turn out 
to be true it still represents but a fraction of the 
total mechanism. Otherwise it would be difficult 
to explain morphine tolerance in fibroblasts or 
cells of iris epithelium surviving in vitro (17) or 
the reduced capacity of liver microsomes for 
demethylation in the tolerant animal (18), or 
the tolerance to morphine in isolated guinea 
pig ileum (11). One very important difference 
exists between the reaction of these peripheral 
tissues in comparison with those of the central 
nervous system. With the possible exception of 
skeletal muscle (19) no substantive evidence 
exists for the establishment of dependence in 
tissues other than those of the nervous system. 

An attempt to apply the same type of compara- 
tively simple reasoning used for tachyphylaxis to 
the heterogeneous data relating to tolerance and 
dependence in the CNS results in a hopeless 
muddle especially if one utilizes a single receptor 
concept. 

For purposes of discussion, however, we might 
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take the position that neurones possess certain 
receptor types in common with those in muscle 
and are therefore equally capable of the same 
type of tachyphylactic response for sympathomi- 
metic amines, acetylcholine, etc. In this situation 
tolerance, but no dependence, would be acquired 
by the neurone. 

Now let us consider the situation with morphine 
as representative of these substances where toler- 
ance and dependence develop concurrently. It is 
rather difficult to conceive of nature having pro- 
vidaed preformed receptor mechanisms located in 
fixed positions on or in the cell for every foreign 
chemical. In contrast to the sympathomimetic 
amines and most substances effecting tachy- 
phylaxis, morphine is a more complex chemical 
with several potential bonding sites. It is capable 
of access to either muscle cell or neurone. Tachy- 
phylaxis to morphine is readily and rapidly pro- 
duced in vascular smooth muscle. The neurone, 
however, in addition to becoming tolerant also 
becomes dependent upon its presence to maintain 
the normal state. The specific antagonist 
nalorphine, is effective in preventing tachyphy- 
laxis in smooth muscle and the acute depressor 
effects in the CNS as well as ‘unmasking’ depend- 
ence in neurones. 

If all of these are true, then why does vascular 
muscle lack the capacity to become dependent. 
Complete tachyphylaxis to morphine can be ac- 
complished in vascular muscle in a few hours, a 
time course strikingly similar to that for the 
sympathomimetic amines in the same tissue. 
Both are readily and rapidly lost with no ‘re- 
bound’ reaction. This suggests that receptor oc- 
cupation occurs, in this tissue at least, at the cell 
surface, a position of easy access and egress and 
most likely to produce only a temporary and 
physiological type of cellular response. Several 
types of evidence suggest that this type of effect 
is induced by receptor bonding at the N-position: 
1) an identical effect can be induced with thebaine, 
a morphine derivative having both the phenolic 
and alcoholic hydroxy groups methyl substi- 
tuted, a substitution which destroys its capacity 
to induce dependence in neuronal tissue; 2) 
thebaine tachyphylaxis on ‘vascular muscle is 
completely crossed to morphine and vice versa; 
8) nalorphine prevents tachyphylaxis to both 
drugs. 

If this simple view is correct then we could as- 
sume for the moment that morphine must gain 
an intracellular site to induce dependence. 








1180 


Since significant tolerance and dependence de- 
velopment requires time, and a profound cellular 
‘rebound’ of several days or weeks duration oc- 
curs when the drug is withdrawn, it seems safe 
to deduce that some rather profound intracellu- 
lar reorganization has occurred to permit ‘storage’ 
of large numbers of morphine molecules so that 
their continuous presence ceases to evoke a 
cellular response. 

Of the nature of these readjustments we know 
nothing. 

During the last 15 years my colleagues and I 
(8), among others, have attempted to obtain evi 
dence for the existence of enzyme adaptation, the 
establishment of specific points of metabolic 
blockage or ‘bypass’ mechanisms in the morphine 
tolerant state. This approach has yielded little 
substantive support for this view. Failure may 
possibly be ascribed to the following reasons: 

1) Investigators have been examining periph- 
eral tissues such as liver, muscle, etc., although 
no evidence exists that dependence is developed 
in those tissues. The few studies on nervous tissue 
have not demonstrated significant changes. 

2) No satisfactory biochemicz! criteria of de- 
pendence are yet availr ole. 

38) The experimen’al procedure for inducing 
dependence in small animals is in error. Almost 
without exception such studies on mice, rats, etc. 
have involved once daily injection of massive 
doses (200 mg/kg as an example) usually on a 
5-day week basis. Recent studies in our labora- 
tory (D. McCarthy, unpublished experiments) 
demonstrate the necessity for uninterrupted and 
frequent dosing to develop the dependent state in 
these species as in all larger species. Rats and mice 
dosed at 4-hour intervals day and night 7 days a 
week uniformly show a clear cut abstinence syn- 
drome when challenged with nalorphine after 
severa! weeks of administration. 

Wikler (20) has obtained evidence, utilizing 
nalorphine as the ‘unmasking’ agent, that tol- 
erance and dependence can be developed in the 
spinal dog by a large single dose of morphine. 
This type of intracellular change can be induced 
by morphine in a few hours which is of sufficient 
importance to evoke a ‘rebound’ cellular response 
when the drug is removed from its receptor site 
by nalorphine. 

Recall that thebaine with two of its major 
bonding sites blocked cannot evoke the depend- 
ent state. This suggests that multiple bonding 
sites must be present on a molecule capable of 
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evoking this disturbance. Braenden, Eddy and 
Halbach (21) have analyzed carefully the struc- 
tural similarities between the morphine-like sub- 
stances. It would appear from these examinings 
that a fairly rigid molecule with several potential 
bonding sites is required. If saturation of several 
bonding sites on such a rigid molecule is to occur 
it seems likely that some rearrangement of re- 
ceptors must be necessary resulting in a reorienta- 
tion of proteins or whatever molecules carry the 
receptors. 

One might even view pharmacologic action, an- 
algesia, etc., to be associated with or resulting from 
the initial deformation of large molecules and tol- 
erance to be acquired when all potential bonding 
sites have been saturated and the cell had become 
adjusted to function normally in the presence of 
such stereo-chemical changes. Since complete tol- 
erance to this class of substances cannot be estab- 
lished in the neurone it seems likely that there 
must always be some cellular bonding sites left 
unoccupied. Finally the abstinence syndrome, 
the ‘rebound’ response to bond disruption either 
by nalorphine ‘unmasking’ or abrupt withdrawal 
could be visualized to represent the abnormal 
cellular response during the period of protein or 
other molecular reorientation to establish the 
original molecular pattern in the cell. 

This concept expressed in the most elementary 
manner which I could conceive carries the general 
views of Sevag (22) which were advanced 
initially to account for drug resistance and muta- 
tions in microorganisms. However, it goes two 
steps farther than Sevag. His concept was de- 
signed to account for tolerance only. He states; 
“The direct action of drugs, radiations, and 
endogenous metabolic inhibitors on sensitive cells 
and cells that have acquired resistance induces in 
the protein molecules configurational modifica- 
tions, or deformations, or ‘paralysis.’ ”’ In order 
to establish a general theory Sevag attempts to 
extend this concept to a multitude of abnormal 
reactions. He continues, “These changes may 
account for the abnormal or wasteful metabolism 
in microorganisms, hypersensitive states, drug 
allergy, narcotic addiction, abnormal growth and 
other reversible and irreversible disorders in 
higher organisms.” 

The present concept would view pharmacologi¢ 
action as the active configurational change, toler- 
ance as cellular adjustment to this change and 
signs of abstinence as the readjustment phase. 
Such a concept offers a fairly satisfactory explana- 
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tion of the seemingly paradoxical action of nalor- 
phine in the nontolerant and tolerant state. In 
the nontolerant state the quantity of nalorphine 
required to antagonize morphine is in a compara- 
tively low ratio, roughly 1:10, whereas in the 
tolerant animal the ratio is in the order of 1:250. 
In the nontolerant state nearly every molecule 
of morphine would theoretically require a mole- 
cule of nalorphine to prevent protein distortion 
and a pharmacologic response. In the tolerant 
state, however, a sufficient cellular disorganiza- 
tion could be produced by partial unbonding to 
create a marked cellular response. The dose de- 
pendent effects of nalorphine and levallorphan 
in producing graded intensities of abstinence in 
morphine-dependent monkeys, as discussed ear- 
lier in these meetings, fits well with such a view. 
Guessing from the effects of nalorphine as a 
competitor of thebaine it would appear that the 
primary if not the only competition between 
these compounds occurs at the N-position. If this 
is true it would help visualize the reoccupation 
in the dependent animal or man of this receptor 
position by morphine after temporary replace- 
ment by nalorphine. Possibly other bonding sites 
hold the morphine molecule in approximate posi- 
tion until nalorphine is eliminated so that mor- 
phine rebonding at the nitrogen site can occur. 
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